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Asbestos causes asbestosis and various malignancies by
mechanisms that are not clearly defined. Here, we review the
accumulating evidence showing that asbestos Is directly geno-
toxic by Inducing DNA strand breaks (DNA-S8) and apoptosls
In relevant lung target cells. Although the exact mechanisms by
which asbestos causes DNA damage and apoptosls are not
firmly established, some of the Implicated mechanisms Include
the generation of Iron-derived reactive oxygen species (ROS)as
well as reactive nitrogen species (RNS), alteration In the mito-
chondrial function, and activation of the death receptor path-
way. We focus on the accumulating evidence Implicating ROS.
DNA repair mechanisms have a key role In limiting the extent of
DNA damage. Recent studies show that asbestos activates DNA
repair enzymes such as apurlnlc/apyrlmldlnlc endonuclease
(APE) and poly (ADP-rlbose) polymerase (PARP). Asbestos-
Induced neoplastic transformation may result In the setting
where DNA damage overwhelms DNA repair In the face of a
persistent proliferative signal. Strategies aimed at limiting as-
bestos-Induced oxidative stress may reduce DNA damage and,
as such, prevent malignant transformation. Exp Bioi Mad 228:650-
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A sbestos is a naturally occurring hydrated fibrous
silicate with peculiar physical/chemical properties
and tensile strength that are ideally suited for vari-

ous construction and insulating purposes. Asbestos expo-
sure has been linked to the development of pulmonary dis-
eases that include bronchogenic carcinoma, mesothelioma,
pleural plaque, and asbestosis (pulmonary fibrosis due to
asbestos exposure). Some of the major types of asbestos
fibers and their chemical structures are listed in Table I.
Recently, several groups have extensively reviewed some of
the important mechanisms by which asbestos fibers cause
toxicity (1-7). These include generating iron-derived free
radicals as well as reactive nitrogen species (RNS), releas-
ing cytokines, inducing genotoxicity and altering immune
responses. Despite intensive investigation, the precise
pathogenic mechanisms by which asbestos fibers cause pul-
monary toxicity are not fully established.

Asbestos can induce cancer, which is a multistage pro-
cess, by affecting several steps in its development (3, 5).
Cancer initiation occurs by DNA damage and is perpetuated
by the proliferative signals resulting from altered gene ex-
pression (increased proto-oncogene or reduced tumor sup-
presser gene expression). All forms of asbestos induce DNA
damage and proliferative signals in relevant lung target
cells. In this environment, signaling mechanisms are initi-
ated that can facilitate malignant transformation in geneti-
cally altered cells. In this review, we explore the recent
studies implicating that pulmonary toxicity from asbestos is
due in part to DNA damage and apoptosis. We begin with
a brief summary of recent epidemiology trends. This is fol-
lowed by a detailed review of asbestos-induced genotoxic-
ity, We briefly explore the methods used to detect genotox-
icity from asbestos, with an emphasis on DNA damage and
apoptosis. We then summarize studies exploring the mecha-
nisms by which asbestos causes DNA damage and apopto-



Table I. Types of Asbestos Fibers and Their
Chemical Structures

Type of asbestos

Serpentine Chrysotile [M96Si40,o(OH)sl
Amphibole Crocidolite [Na2(Fe3+)2(Fe2+bSis022(OHbl

Amosite [(Fe,MghSi s022(OH)21
Anthophyllite [(Mg,Fe)7Sis022(OHbl
Actinolite [Ca2(Mg,FekSis022(OHbl
Tremolite [Ca2(MgsSia022(OHbl

sis. In particular, we focus on the role of reactive oxygen
species (ROS) as well as the mitochondrial (intrinsic) and
death receptor (extrinsic) pathways. Finally, we review how
asbestos impacts on the cell cycle and DNA repair mecha-
nisms. A central concept is that a malignant clone of cells
may result in the setting of ongoing DNA damage that is
inadequately repaired.

Epidemiology
The clinical spectrum of asbestos-related pulmonary

toxicity has been extensively reviewed recently (I, 2, 7) and
will only be discussed briefly here. Asbestos may cause
nonmalignant and malignant disorders including asbestosis,
pleural disease (e.g., pleural effusion and pleural plaques),
mesothelioma, bronchogenic carcinoma, and other tumors
involving the colon, larynx, esophagus, liver, and ovary (8).
However, malignant mesothelioma is the most well estab-
lished asbestos-related tumor. In general, the risk of asbes-
tos-induced lung diseases increases with the amount and
duration of asbestos exposure. Nonoccupational exposure to
asbestos for as little as 5 years may also increase the risk of
mesothelioma (9).

Commercial use of asbestos substantially declined in
the United States since 1970 when the significant health
concerns became well recognized (I). However, there were
an estimated 27 million workers exposed to asbestos fibers
between 1940 and 1979, suggesting that asbestos-related
problems will increase in future (10, 11). Furthermore, a
recent epidemiologic survey estimated that more than 100
million Americans have had significant asbestos exposure
(12). The epidemiologic trends are worrisome because the
latency period between the fiber exposure and the develop-
ment of disease varies from 20 to 40 years. Although oc-
cupational asbestos exposure has been significantly re-
duced, existing buildings contain enormous amounts of as-
bestos. Moreover, a U.S. population-based study suggested
that the incidence of asbestos-induced pleural diseases has
doubled in the last 25 years (13). Not surprisingly, the eco-
nomic toll of asbestos-related diseases is considerable, ex-
ceeding 200 billion dollars by some estimates (14). Taken
together, the data suggest that asbestos-related problems
will be a significant health concern for years to come.

Genotoxicity
Asbestos is classified as a carcinogen that is capable of

causing genotoxicity. Genotoxicity results from the effects

of toxic agents on the DNA, either by direct action or by
activation of metabolic products that subsequently alter the
DNA. Genotoxicity is one of the key events in neoplastic
transformation. Tumors can arise from cells with permanent
genetic changes or mutations in critical genes that typically
involve proto-oncogenes and tumor suppressor genes that
regulate the cell cycle.

Toxic agents may produce a variety of lesions in cel-
lular DNA, such as single- or double-strand breaks, intra-
and interstrand cross-linking, and base damage (5). Repair
of these lesions in most cases will restore the physiological
DNA structure. In some instances, abnormal DNA repair
may occur resulting in gene mutations, chromosomal aber-
rations, and, ultimately, in cell transformation. Chromosom-
al abnormalities such as deletions and rearrangements
(translocation, amplifications, and insertions) can cause per-
manent genetic changes (5). The genotoxic risk of a par-
ticular agent depends upon the nature of the deleterious
agent causing DNA damage and error-prone reparative pro-
cesses in the cell.

Methods for Detecting Asbestos-Induced
Genotoxicity. Over the last decade, several highly sensi-
tive techniques have been developed for detecting asbestos-
induced genotoxicity. Accumulating evidence have con-
vincingly demonstrated that asbestos is genotoxic as as-
sessed using a variety of techniques such as assays of DNA
damage and apoptosis, chromosomal damage, aneuploidy
studies, sister chromatid exchange, and altered cell ploidy
(5, 7, 15). Although beyond the scope of this review, Jau-
rand (5) has recently extensively reviewed the various meth-
odologic techniques for assessing genotoxicity due to as-
bestos. Some of the more important assays are summarized
in Table II. Asbestos-induced genotoxicity has also been
demonstrated in various cells, many of which are directly
relevant to lung diseases (e.g., mesothelial and lung epithe-
lial cells). These studies show that all forms of asbestos are
genotoxic to lung cells.

DNA Strand Break (DNA-SB) Formation. DNA-
SB formation is one of the earliest abnormalities occurring
in cells exposed to an oxidant stress, including asbestos (15,
16). DNA-SB was first reported in asbestos-exposed rat
embryo cells using a nick translation assay (17). Turver and
Brown (18) showed that asbestos induced point mutations
and altered DNA synthesis in C3HlOT-1/2 cell system.
Kamp and colleagues (15) found that asbestos-induced
DNA-SB formation in alveolar epithelial (rat ATII and
A549) cells using the alkaline DNA unwinding, ethidium
bromide fluorometric technique. The DNA damaging effect
of asbestos was dose and time dependent, more pronounced
with amphiboles as compared with chrysotile, and similar in
malignant and primary isolated epithelial cells. Lavresse
and associates (19) demonstrated that asbestos induced
DNA-SB in rat pleural mesothelial cells (RPMC) as as-
sessed by the single cell gel (Comet) assay. In contrast to
lung epithelial cells noted above, chrysotile caused more
DNA-SB than crocidolite in RPMC. Others have also
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Table II. Various Methodologic Techniques Used for Assessing Asbestos-Induced Genotoxicity

StructurefTest

DNA
Detection of gene mutation

Clastogenicity

Direct interaction with DNA

Cell cycle
Chromosomes

Chromosomal abberations

Numerical chromosome
changes

Formation of micronuclei

Cell-free system plasmid
and asbestos

End point

Structure and sequence study
Mutation at ouabain, HGPRT, thymidine kinase loci
DNA strand break by alkaline elution ethidium bromide DNA unwinding technique
Comet assay (single cell gel electrophoresis [SeGEl)
Poly (ADP)ribose polymerase activation
DNA repair
DNA/protein expression
DNA adducts
Formation of 8-0HdG
Cell cycle blockade
Sister chromatid exchanges
Chromosomal mutations, deletion, translocations, and exchanges
Abnormal mitosis
Aneuploidy
Polyploidy
Analysis or tells in interphase
Micronuclei assay
Supercoiling
Linearized DNA
Double- and single-strand break formation

shown than chrysotile fibers cause DNA-SB in vitro (20,
2l). These studies firmly support the hypothesis that all
types of asbestos can cause DNA-SB to relevant target cells.

Epidemiological studies demonstrate that cigarette
smoke significantly increases asbestos-induced broncho-
genic carcinoma. Although the mechanism underlying the
synergistic interaction between cigarette smoke and asbes-
tos is not established, in vitro studies reviewed elsewhere
(4) demonstrate that cigarette smoke synergistically in-
creases DNA damage. Recent studies with cultured lung
epithelial cells also show that cigarette smoke increases as-
bestos-induced DNA-SB formation (22, 23). Moreover, an
important role for iron-derived free radicals in mediating
this interactive effect has also been implicated. Collectively,
these data suggest that the synergistic interaction between
cigarette smoke and asbestos may result from increased
DNA damage to airway epithelial cells.

Asbestos-Induced Apoptosis. Apoptosis (pro-
grammed cell death) is an important mechanism by which
cells with DNA damage are eliminated without inciting an
inflammatory response (24, 25). Apoptotic cells are charac-
terized by nuclear chromatid condensation, endonuclease
activation resulting in DNA fragmentation, translocation of
phosphotidylserine to the outer plasma membrane, and gen-
eration of double-stranded DNA breaks. Although the pre-
cise molecular mechanisms regulating apoptosis are not
firmly established, much has been learned over the last de-
cade. Apoptosis is regulated by either the intrinsic (mito-
chondrial) or extrinsic (death receptor) pathways. The mi-
tochondrial death pathway mediates apoptosis caused by
DNA damage. By mechanisms that are not entirely clear, an
apoptotic stimulus induces a change in mitochondrial mem-
brane potential (A'I'm) that results in the release of apop-
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totic proteins such as cytochrome c, Smac/DIABLO, pro-
caspases 2, 3, and 9, as well as apoptosis-inducing factors
(24, 26). Cytochrome C release from the mitochondria binds
to Apaf-l and recruits procaspase 9 to undergo proteolytic
activation (27, 28). Caspase 9 in tum activates the down-
stream executioner caspases such as caspases 3 and 7 (28).
The second major pathway regulating apoptosis includes the
death receptor pathway, which is activated when FAS li-
gand or TNF-a binds their respective receptor on a target
cell. The death receptor pathway triggers caspase 8 activa-
tion, which in tum activates downstream effector caspase-3
and apoptosis (29). Caspase 8 may also use an alternative
route that involves an amplification step the through mito-
chondria, via Bid, a BcI-2 family member (29, 30).

Accumulating evidence suggest a direct relationship
between alveolar epithelial cell (AEC) apoptosis and lung
disorders (31). For example, AEC DNA-SB formation and
apoptosis occur after exposure to noxious stimuli such as
oxidants, hyperoxia, and radiation (15, 32-33). Moreover,
patients with idiopathic pulmonary fibrosis have evidence
of AEC DNA-SB and apoptosis (34). These data suggest
that AEC apoptosis is an important pathophysiologic re-
sponse of lung epithelium during lung injury and repair.

Several groups have established that asbestos induces
apoptosis in relevant lung target cells such as mesothelial
and lung epithelial cells (19, 35-38). Apoptosis has been
detected by using a variety of different assays, including the
DNA-specific labeling and terminal deoxynucleotidyl trans-
ferase mediated deoxyuridine triphosphate nick-end label-
ing (TUNEL) staining nuclear morphology, DNA laddering,
annexin V binding, and caspase 3 activation. Two groups
have suggested a role for iron-derived ROS based on the
protective effect of iron chelators and free radical scaven-
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gers (36, 38). There is also some in vivo evidence demon-
strating that asbestos causes epithelial cell apoptosis at the
site of initial fiber deposition at the bronchoalveolar duct
region as well as in pleural mesothelial cells (38, 39). These
data show that asbestos causes apoptosis in lung target cells
and, as such, may account for the pathogenic effects of the
fibers.

Mechanisms of Asbestos-Mediated DNA Damage
and Apoptosis

Extensive studies over the last several years have pro-
vided considerable insight into the molecular mechanisms
underlying asbestos-induced DNA damage and apoptosis
(Fig. 1) (2, 5, 7). However, the precise mechanisms in-
volved are not firmly established. In the following section,
we focus on the accumulating evidence implicating several
mechanisms, including iron-derived free radicals (ROS), the
mitochondrial intrinsic death pathway, the extrinsic death
receptor pathway (e.g., TNFal TNFR and FAS/FASL), and
altered DNA repair. These mechanisms are not mutually
exclusive but more likely act in conjunction with each other.
Reactive nitrogen species may also contribute to asbestos-
induced DNA damage and apoptosis (e.g., RNS), but this
area has been reviewed recently (40,41).

ROS. The mechanisms by which asbestos induce
ROS have been extensively reviewed and will be mentioned
only briefly (4, 40). The iron in the core structure of the
asbestos or as a surface contaminant can catalyze the for-

Normal Cell

IROS 'II· Superoxlde dlsmutaseRNS Catalase
Glutathione peroxidase

__'_PA_R-jP?,-- ITNF-a I Ffill
DNA repair I

~. ,JIlT ITNF-aR/Fa~
Unsuccossful repair r-

ICo·..•rMitochondria

ICo......I-I--..·1
Figure 1. The molecular mechanisms involved inasbestos-induced
DNA damage and apoptosis. Balance between oxidant and antioxi-
dant maintain the normal cell integrity. On exposure to oxidative
stress, various DNA reparative mechanisms mayrestoreand regen-
erate damaged DNA. Although, when repair is unsuccessful, se-
quential activation of the downstream apoptotic pathway, inclUding
p53,Sax,mitochondrial death receptors, and caspase 9, mayleadto
apoptosis and growth arrest. In addition, activation of E2F1, ATM
kinases,AP-1, and NFKB transcription factors, in part,maypromote
DNA repair, and if the DNA repair is unsuccessful, may activate
apoptotic pathways.

mation of 'OH by the Fenton-catalyzed, Haber-Weiss reac-
tion as summarized below.

Fe(II) + H202 ~ OH- + 'OH + Fe(III) (1)

02- + H202 ~ Iron ~ HO- + eOH + O2 (2)

O2 + Fe(II) ~ 02- + Fe(III) (3) .

The amphibole fibers (e.g., crocidolite and amosite)
have a high iron content (27%-33%), whereas chrysotile
asbestos has a small iron content (-6%) that is primarily
derived from surface contaminants (4). In the lung, alveolar
macrophage-derived 02- can mobilize redox-reactive iron
from the surface of asbestos (42). Redox-reactive iron in
asbestos can induce synthesis of apoferritin for iron storage
(42, 43). An alternative source of ROS comes from the cells
undergoing frustrated phagocytosis of long asbestos fibers.
In this situation, the source of ROS (eOH, H202, and 02-)
may result from mitochondrial dysfunction or NADPH
oxidase.

A role for ROS in mediating asbestos-induced AEC and
mesothelial cell DNA damage and apoptosis is supported by
several lines of evidences. First, iron chelators and antioxi-
dants prevent asbestos-induced DNA damage and apoptosis
(4, IS, 18, 21, 36, 38,40, 43). Notably, iron-loaded chela-
tors are not protective, suggesting a specific role for iron
(15). Second, there is a direct relationship between the sur-
face iron on the fibers and DNA-SB formation (40, 42, 43).
Third, asbestos induces the formation of oxidative DNA
lesions, such as 8-hydroxydeoxyguanosine (8-0HdG) (44,
45). Fung and others (44) showed a significant dose-
dependent increase in 8-0HdG formation in RPMC exposed
to crocidolite asbestos. Notably, 8-0HdG was reduced in
RPMC exposed iron-chelated crocidolite fibers, suggesting
an important role for iron-derived ROS. Unfried et al. (45)
assessed the mutagenicity of crocidolite asbestos in vivo
using transgenic rats. They showed that the most prominent
mutation type in cells exposed to crocidolite was G to T
transversions (guanine to tyrosine) induced by the premu-
tagenic DNA adduct 8-0hdG. Finally, cells transfected with
Mn-SOD are resistant to apoptosis (46). Collectively, these
data provide firm evidence for the involvement of ROS and
RNS in mediating asbestos-induced DNA damage.

Mitochondria Death Pathway. Mitochondria are
implicated as central regulators of apoptosis in mammalian
cells (47). A change in mitochondrial potential results in
release of apoptotic proteins such as cytochrome c, Smacl
DIABLO, procaspases 2, 3, and 9, as well as apoptosis-
inducing factor (26, 27). The mitochondria DNA may play
a critical role in regulating the survival signals that deter-
mine whether the cells live or die in response to oxidant
exposure (48). The mitochondria DNA are more susceptible
to oxidative damage than the nuclear DNA resulting in mu-
tation rate that is to-fold higher for selective genes (49).

There is some evidence showing that the mitochondria
may have a critical role in regulating apoptosis induced by
asbestos (48. 50--52). Janssen and associates (50) studied
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asbestos-induced modulation of mitochondrial gene expres-
sion in lung epithelial cells. They performed differential
mRNA display to elucidate genes that are induced or re-
pressed after exposure of rat lung epithelial cells to asbestos.
They showed that asbestos increases mRNA levels of 16S
rRNA in lung epithelial cells, suggesting that alterations of
mitochondrial gene expression may be involved in the regu-
lation of asbestos-induced apoptosis. Driscoll et al. (51)
reported that a mitochondrial respiratory chain inhibitor,
thenoyltrifluoroacetone, blocked crocidolite-induced NF-
KB activation of macrophage inflammatory protein-2 (MIP-
2) expression in rat. Recently, our group showed that expo-
sure of A549 cells and rat ATIl cells to amosite asbestos,
unlike inert particulates such as glass beads or titanium
dioxide, reduced d\jJm as assessed by a standard fluoromet-
ric technique (48, 52). We also noted that asbestos triggered
the release of mitochondrial cytochrome C to the cytoplasm,
resulting in downstream caspase 9 activation (52). In con-
trast, minimal caspase 8 activation (death receptor pathway)
was detected. The d\jJm at 4 hr was directly proportional to
the level of asbestos-induced apoptosis noted at 24 hr as
assessed by nuelear morphology and DNA nueleosomal
fragmentation. Notably, overexpression of Bel-xl, an anti-
apoptotic protein that localizes to the mitochondria, com-
pletely prevented asbestos-induced reduction in d\jJm and
apoptosis. A role for iron-derived free radicals was also
suggested by the finding that iron chelators and a free radi-
cal scavenger, sodium benzoate, each prevented asbestos-
induced reduction in d\jJm as well as caspase 9 activation.

The in vivo relevance of the findings implicating ROS
and mitochondria is supported by data. For example, asbes-
tos induces lung epithelial cell apoptosis as assessed by
TUNEL staining in the area of bronchoalveolar duct junc-
tions (38). Notably, phytic acid reduces asbestos-induced
pulmonary inflammation and fibrosis in rat lung (53).
Whereas exuberant apoptosis may promote lung injury and
fibrosis, failure of normal apoptotic mechanism may con-
tribute to the formation of a cancer andresistance to che-
motherapy. A recent study demonstrated that asbestos-
induced mesotheliomas are highly resistant to therapy in
part because of their resistance to apoptosis caused by in-
creased expression of the antiapoptotic protein, Bel-2, and
decreased expression of the proapoptotic protein, Bax (54).
Collectively, these data suggest that the mitochondrial death
pathway is important in regulating asbestos-induced apop-
iosis. Furthermore, strategies aimed at reducing the level of
iron-derived ROS and mitochondrial dysfunction in lung
target cells may be beneficial in preventing asbestos-
induced pulmonary toxicity. Alternatively, novel treatment
for mesothelioma will likely emerge from strategies that
define the altered apoptotic mechanisms in these cells.

Death Receptor Pathway. The death receptor path-
way or extrinsic pathway of apoptosis is initiated when
TNF-cx or FasL bind to their respective death receptor. This
subsequently activates downstream apoptotic signals, such
as caspase 8 and caspase 3, resulting in apoptosis. The exact
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role of the death receptor pathway in mediating asbestos-
induced pulmonary toxicity is unclear. Some reports show
that both Fas and TNF-cx expression are increased after
asbestos exposure (55-57). Aikoh and colleagues (55)
showed that chrysotile asbestos activated Fas-mediated
death receptor pathway in peripheral blood lymphocytes.
TNF-cx is released from alveolar macrophages and inflam-
matory cells after phagocytosis of asbestos. Intratracheal
instillation of crocidolite asbestos in rats increased TNF-cx
production in bronchoalveolar lavage leukocytes (56).

The cellular effects of TNF-cx are signaled via two
TNF-cx receptors (TNFR). Notably, asbestos causes no dis-
cernable inflammation and fibrosis in the double TNFR
knockout mice, but causes considerable inflammation and
fibrosis in wild-type mice (57). Iron-derived ROS are cru-
cial for stimulating TNF-cx release from alveolar micro-
phages. Iron chelators and free radical scavengers prevent
TNF-cx release, whereas inhibitors of catalase or ferrous
sulfate promote TNF-cx release (58). In addition, two groups
have reported that cells transfected with Mn-SOD are resis-
tant to apoptosis caused by TNF-cx, H20 2, and irradiation
(59, 60). These data provide compelling evidence that
TNF-cx and iron-derived ROS are important in mediating
asbestos-induced pulmonary toxicity in part by activating
the apoptotic death receptor pathway. Increased antioxidant
defenses of malignant mesothelioma cells may account for
their resistance to apoptosis.

Transcription Factor Regulation by Asbestos-
Induced Apoptosis. DNA damaging agents, such as as-
bestos and ROS, can modify cellular function by stimulat-
ing signal transduction cascades involving tyrosine kinase
(TK), protein kinase C (PKC), and mitogen-activated pro-
tein kinase (MAPK) family members. MAPK family mem-
bers include extracellular signal regulated kinases (ERKI
and ERK2), c-jun-NH2-terminal protein kinases/stress-
activated protein kinases (JNKlSAPK), and p38. These sig-
naling cascades subsequently activate transcription factors,
such as activated protein-l (AP-I) and nuclear transcription
factor K-B (NFKB), that govern apoptosis, proliferation, and
inflammatory changes (61). Mossman and colleagues (62,
63) showed that asbestos, but not its nonfibrous analogs,
activate MAPK signaling cascades similar to ROS and other
DNA damaging agents. Jimenez and colleagues (64) dem-
onstrated that asbestos-induced rat pleural mesothelial cell
apoptosis is associated with activation of ERK, but not JNKI
SAPK. In addition, an iron chelator (desferrioxamine) and
catalase each reduced ERK activity, suggesting a possible
role of iron-derived ROS in mediating asbestos induced
apoptosis. Collectively, these data suggest that critical bal-
ances between the activation of ERK and the JNKlp38 path-
ways are particularly important determinants that can pro-
mote cell survival or apoptosis (64, 65).

Accumulating evidence convincingly show that iron-
derived free radicals from asbestos are a major determinant
of NFKB activation. In a mouse tracheal explant model,



iron-loaded amosite induced procollagen gene expression,
presumably via NFKB activation (66). Moreover, asbestos-
induced TNF-lX, IL-6, and IL-8 gene expression in alveolar
macrophage is mediated by iron-derived ROS and subse-
quent NFKB activation (58, 67-70). Mitochondrial-derived
ROS have been implicated in mediating crocidolite-induced
nuclear translocation of NFKB gene expression in mouse
ATII cells (51). In contrast to noncarcinogenic fibers, car-
cinogenic fibers cause dose-dependent nuclear translocation
of NFKB in A549 cells by mechanisms involving iron-
derived ROS (70, 71).

AP-l is a family of accessory transcription factors that
interact with other regulatory DNA sequences (61, 72). The
family of transcription factors that interact with AP-l in-
cludes both homo- (Jun/Jun) and heterodimeric (Fos/Jun)
complexes encoded by various members of the c-fos and
c-jun families of proto-oncogenes that regulate the cell
cycle (73), apoptosis (73-74), or transformation of cells
(74). Crocidolite asbestos induces AP-l activation in bron-
chial epithelial cells (76). Induction of AP-l activity by
asbestos is mediated through the activation of MAPK fam-
ily members, including Erkl and Erk2 (63, 76). Gilmour
and associates (77) showed that amosite asbestos increases
NFKB and AP-l transcriptional activity in rat alveolar mac-
rophages by a mechanism that directly correlates with the
free radical activity of the fibers. Faux et at. (78) showed
that asbestos-induced NFKB and AP-l transcription factor
activation is reduced by vitamin E, an inhibitor of lipid
peroxidation, as well as by 5,8,11,14 eicosatetraynoic acid,
a lipooxygenase inhibitor, but not by indomethacin, a cyclo-
oxygenase inhibitor. These data suggest that asbestos-
induced ROS, including hydroxyl radical and/or lipid per-
oxides, activate NFKB, NFIL-6, and AP-l transcription fac-
tors in relevant target cells that may augment the
inflammatory and fibrotic response to the fibers. Further
studies are warranted to determine the precise mechanisms
by which asbestos-derived free radicals activate NFKB and
AP-l that are critical for regulating apoptotic and prolifera-
tive signals in various cell types in the lung.

Asbestos and the Cell Cycle
During normal cell turnover, as well as after lung in-

jury, type II cells restore normal alveolar epithelial barrier
function in a highly regulated fashion. Type II epithelial
cells are normally quiescent (GO Phase), but can be acti-
vated to traverse to the G I phase of the cell cycle in prepa-
ration for DNA synthesis and cell growth (31). DNA dam-
age induces a delay or arrest in a Gland G2 phase of cell
cycle to provide time for the DNA repair (6, 79). Levresse
and colleagues (80) showed that both crocidolite and
chrysotile asbestos activate cell cycle checkpoints located at
G liS, G2/M, and/or mitosis in normal RPMC. If DNA dam-
age is extensive, cell death can occur by apoptosis or, under
more severe conditions, cells will undergo necrotic cell
death (6, 79). Because DNA damage, cell proliferation, and
cell death are important processes that are implicated in the

pathogenesis of lung injury as well as carcinogenesis, a
better understanding of the molecular events regulating
these conditions after asbestos exposure should provide in-
sight into asbestos-induced pulmonary toxicity.

p53
Recent studies suggest that p53 has an important role in

the cellular response to asbestos-induced DNA damage and
apoptosis. As reviewed in detail elsewhere (79), the p53
family of proteins (e.g., p53, p63, and p73), has a critical
role in regulating cell cycle progression and apoptosis. Tu-
mor suppressor genes such as p53, Rb I, P16INK4a,
p15INK4b, WTl, ATM, and NF2 guard the integrity of the
cell's genetic material by preventing clonal expansion, cell
growth, and metastasis of cells with altered DNA to allow
time for DNA repair or apoptosis after the onset of DNA
damage. Mutations in the p53 gene family are among the
most common findings in all tumors. p53 inhibits cell
growth by inducing a G liS phase cell cycle checkpoint via
a p21-dependent mechanism (80-84). If DNA damage is
extensive, p53 induces the transcription of the proapoptotic
protein, Bax. p53 and p73 both augment the expression of
specific target genes and cause posttranslational modifica-
tions of E2Fl, a family of transcription factors that playa
major role in inducing apoptosis (84).

Several groups have studied the relationship between
asbestos exposure and p53 mutation. Husgafvel-Oursiainen
et at. (85) demonstrated increased levels of mutant p53 in
lung cancers from a group of patients with asbestosis. Lin et
at. (86) showed that crocidolite induces p53 gene mutations
predominantly in exons 9 through I 1 of the p53 gene in
BALB/c-3T3 cells. Kane and associates (87) showed that
asbestos-induced mesotheliomas are more commonly seen
in p53-deficient mice as compared with wild-type mice.
Collectively, these data indicate a key role of p53 in modu-
lating asbestos-induced pulmonary toxicity. However, the
role of other p53 family members, such as p63 and p73, as
well as other down-stream transcription factors, such as
E2Fl and ATM kinase are unclear ..

An important downstream target of p5lis the induction
of p21, which functions as a cell cycle inhibitor. p21 protein
binds to a number of cyclins and cyelin dependent kinases,
thereby inhibiting kinase activity that block cell cycle pro-
gression at the G1 checkpoint (88, 89). p53-dependent
mechanisms of p21 expression are closely associated with
DNA damage, whereas p53-independent mechanisms of
p21 expression are triggered via a variety of pathways, in-
cluding altered DNA repair mechanisms. Although the role
of p53 in asbestos-induced pulmonary toxicity has been
studied, the role of p21 has only recently been explored.
Baldi et al. (90) studied p21 expression in human pleural
mesothelioma specimen and found a direct relationship with
survival. Caputi et al. (88) showed that increased p21 ex-
pression occurs in 73% of human lung carcinomas and that
this directly correlates with the 5-year survival independent
of tumor staging or p53 expression. Recent investigations
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have demonstrated increase pi1 expression in cells exposed
to chrysotile and an additive effect on p21 expression when
cells were exposed to chrysotile plus cigarette smoke (80).
Chrysotile fibers also caused a time-dependent increase in
p53 and p21 expression (80). Taken together, the above data
suggest that p21 has a critical role in regulating the cell's
response to asbestos-induced DNA damage. Future studies
are required to better define the molecular mechanisms
involved.

DNA Repair
The mechanisms of DNA repair have recently been

extensively reviewed elsewhere (91). The precise mecha-
nism by which asbestos activates DNA repair pathways in
eukaryotic cells is complex and not well established. Repair
of oxidant-induced DNA damage occurs by base excision
via direct restitution by hydrogen donation from a sulfhy-
dryl, nucleotide excision, and recombination. A major end
product of ROS-induced DNA damage is the formation of
apurinic/apyrimidinic (AP) sites (92). AP sites may halt
mRNA and DNA synthesis or may act as noncoding lesions
that can increase DNA mutations (92). AP sites are repaired
in part by a unique AP-endonuclease (APE) that contains a
redox-sensitive site (redox factor 1 [Ref-I]) located on its
N-terminal portion (92-94). APE-l/Ref-l is a major base
excision DNA repair enzyme that mediates DNA binding of
transcription factors such as AP-l, NFKB, Pax-5, Pax-S, and
HIF-l (hypoxia-inducible factor-I) (94). As such, APE-l/
Ref-l plays an important role in maintaining genomic in-
tegrity and in regulating gene expression via redox activa-
tion of various transcription factors. Fung and associates
(95) showed that crocidolite asbestos induces mesothelial
cell APE-IlRef-1 in the nucleus and mitochondria. These
data suggest a possible role for APE-IlRef-1 in the repair of
asbestos induced DNA damage.

Poly(ADP-ribose) polymerase (PARP) is a 116-kDa,
multifunctional nuclear enzyme involved in DNA repair
(96). PARP is activated by DNA-SB formation and plays an
important role in the resolution of DNA-SB by mechanisms
that are not fully established (96-98). PARP activation has
been implicated in cell survival, apoptosis, and the devel-
opment of DNA damage (96-98). Prolonged PARP activa-
tion can deplete cellular NAD and ATP levels and thereby
augment cell death (97). PARP functions by ADP-
ribosylating various proteins, such as DNA polymerase and
fopoisomerase I, and as such, plays a critical role within the
regulatory apparatus as a molecular nick sensor controlling
proliferation (96-99). Ollikainen et al. (96) investigated the
role of PARP in transformed human pleural mesothelial
(MeT-SA) and A549 cells exposed to crocidolite asbestos in
the presence and absence of 3-aminobenzamide (ABA), a
PARP inhibitor. They showed that maintenance of cellular
high-energy nucleotide pool and high viability of asbestos-
exposed cells may contribute to the survival and malignant
conversion of lung cells. Several groups have shown that
asbestos-induced PARP activation in lung epithelial cells
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and mesothelial cells can leads to apoptosis (96, 99, 100).
Furthermore, a role for iron-derived free radicals was sug-
gested by the protective effect of iron chelators and free
radical scavengers. These results suggest that PARP is im-
portant in DNA damage response of cells exposed to asbes-
tos. Notably, PARP knockout mice have normal develop-
ment, suggesting that PARP does not have a central role in
regulating DNA repair (101, 102). Other DNA repair en-
zymes undoubtedly have an important role in correcting
asbestos-induced DNA damage, but further studies are
necessary.

Conclusion

Accumulating evidence has convincingly established
that all forms of asbestos are directly genotoxic to relevant
lung target cells such as pulmonary epithelial cells and me-
sothelial cells. Asbestos-induced genotoxicity, whether
manifested as DNA damage or apoptosis, triggers complex
cellular signaling pathways and DNA repair mechanisms
that determine the fate of the cell. These responses include
cell-cycle arrest, transcriptional and posttranscriptional ac-
tivation of select genes involved in DNA repair, and, in
certain instances, apoptosis. Although much has been
learned recently about the molecular mechanisms underly-
ing these signaling pathways, many of the detailed mecha-
nisms await further study. At the lung tissue level, high
levels of apoptosis may promote a fibrotic response to the
fibers (e.g., asbestosis), while persistent DNA damage re-
sulting from defects in apoptosis may lead to the formation
of neoplastic cells (e.g., bronchogenic carcinoma or meso-
thelioma). The precise mechanisms regulating the balance
of apoptosis are not presently understood. The evidence
reviewed herein suggests that antioxidant defenses are, in
part, critically important. Resistance to apoptosis can also
account for the capacity of cells with altered DNA to escape
immune surveillance mechanisms as well as their poor re-
sponse to traditional chemotherapy or radiation therapy.
The asbestos paradigm should prove very useful in our un-
derstanding of cancer biology because defects in DNA dam-
age sensing and repair are increasingly implicated as fun-
damental to the etiology of nearly all human cancers. It
seems likely that an increased understanding of the molecu-
lar mechanisms underlying asbestos-induced DNA damage
and apoptosis will promote more effective management
strategies for asbestos-related pulmonary toxicity and, per-
haps, other malignancies not associated with asbestos
exposure.

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

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

3. Ding M, Shi X, Castranova V, Vallyathan V. Predisposing factors in
occupational lung cancer: inorganic minerals and chromium. J Envi-
ron Pathol Toxicol OncoI19(l-2):129-138, 2000.



4. Kamp DW, Graceffa P, Pryor WA, Weitzman SA. The role of free
radicals in asbestos-induced diseases. Free Radical Bioi Med 12:293-
315, 1992.

5. Jaurand MC. Mechanisms of fiber-induced genotoxicity. Environ
Health Perspect 105:1073-1084, 1997.

6. Robledo R, Mossman B. Cellular and molecular mechanisms of as-
bestos-induced fibrosis. J Cell Physiol 180:158-166, 1999.

7. Kamp OW, Weitzman SA. The molecular basis of asbestos-induced
lung injury. Thorax 54:638-652, 1999.

8. Berry G, Newhouse ML, Wagner JC. Mortality from alJ cancers of
asbestos factory workers in east London 1933-80. Occup Environ
Med 57:782-785, 2000.

9. Twatsuba Y, Pairon JC, Boutin C, Menard 0, Massin N, Cailaud D,
Orlowski E, Galateau-Salle F, Bignon J, Brochard P. Pleural meso-
thelioma, dose-response relation at low levels of asbestos exposure in
a French population-based case-control study. Am J Epidemiol
148:133-142, 1998.

10. Osinubi OYO, Gochfeld M, Kipen HM. Health effects of asbestos
and nonasbestos fibers. Environ Health Perspect 108:665-674, 2000.

11. Nicholson WJ, Perkel G, Selikoff 11. Occupational exposure to as-
bestos: population at risk and projected mortality- 1980-2000. Am J
Indust Med 3:259-311, 1982.

12. Bajgnvatula R, Moody R, Russ J. Asbestos: A Moving Target. As-
bestos Losses and Expenses That U.S. Insurers Will Incur Are Much
More Than Predicted a Few Years Ago Due to Social, Legal and
Economic Changes. Oldwick, NJ: A.M. Best Company, 2001.

13. Rogan WJ, Ragan NB, Dinse GE. X-ray evidence of increased as-
bestos exposure in the U.S. population from NHANES I and
NHANES 11,1973-1978. Cancer Causes Control 11:441-449, 2000.

14. Girion L. Giant awards in asbestos suits shock corporations. Chicago
Tribune 3:4-5, 2001.

15. Kamp DW, Israbian VA, Preusen S, Zhang CX, Weitzman SA. As-
bestos causes DNA strand breaks in cultured pulmonary epithelial
cells: role of iron-catalyzed free radicals. Am J Physiol Lung Cell
Mol PhysioI268:L471-L480, 1995.

16. Schraufstatter I, Hyslop PA, Jackson JH, Cochrane CG. Oxidant-
induced DNA damage of target cells. J Clin Invest 82:1040--1050,

1988.
17. Libbus BL, Illenye SA, Craighead JE. Induction of DNA strand

breaks in cultured rat embryo cells by crocidolite asbestos as assessed
by nick translation. Cancer Res 49:5713-5718, 1989.

18. Turver CJ, Brown RC. The role of catalytic iron in asbestos induced
lipid peroxidation and DNA-strand breakage in C3HIOTl/2 cells. Br
J Cancer 56:133-136, 1987.

19. Levresse V, Renier A, Levy F, Broaddus VC, Jaurand M. DNA
breakage in asbestos-treated normal and transformed (TSV40) rat
pleural mesothelial celJs. Mutagenesis 15:239-244, 2000.

20. Wang Q, Fan J, Wang H, Liu S. DNA damage and activation of e-ras
in human embryo lung cells exposed to chrysotile and cigarette smok-
ing solution. J Environ Pathol Toxicol OncoI19(1-2):13-19, 2000.

21. Ghio AJ, Kennedy TP, Stonehuemer 10, Crumbliss AL, Hoidal JR.
DNA strand breaks following in vitro exposure to asbestos increase
with surface-complexed. Arch Biochem Biophys 311:13-18, 1994.

22. Kamp DW, Greenberger MJ, Sbalchierro JS, Preusen SE, Weitzman
SA. Cigarette smoke augments asbestos-induced alveolar epithelial
cell injury: role of free radicals. Free Radical Bioi Med 25:728-739,

1998.
23. Jung M, Davis WP, Taatjes OJ, Churg A, Mossman BT. Asbestos and

cigarette smoke cause increased DNA strand breaks and necrosis in
bronchiolar epithelial celJs in vivo. Free Radical Bioi Med 28:1295-
1299,2000.

24. Coultas L, Strasser A. The molecular control of DNA damage-
induced cell death. Apoptosis. 5:491-507, 2000.

25. Schuler M, Green DR. Mechanisms of p53-dependent apoptosis. Bio-
chern Soc Transact 29:684-688, 2001.

26. Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release

of cytochrome c from mitochondria: a primary site for Bcl-2 regula-
tion of apoptosis. Science 275:1132-1136, 1997.

27. Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M. Alnemri
ES, Wang X. Cytochrome c and dATP-dependent formation of Apaf-
IIcaspase-9 complex initiates an apoptotic protease cascade. Cell
91:479-489, 1997.

28. Srinivasula SM, Femandes-Alnemri T, Alnemri T, Alnemri ES. Au-
toactivation of procaspase-9 by Apaf-I-mediated oligomerization.
Mol Cell 1:949-957, 1998.

29. Li H, Zhu H, Xu C, Yuan J. Cleavage of BID by caspase 8 mediates
the mitochondrial damage in the Fas pathway of apoptosis. CelJ
94:491-501, 1998.

30. Luo X, Budihardjo I, Zou H, Slaughter C, Wang X. Bid, a Bd2
interacting protein, mediates cytochrome c release from mitochondria
in response to activation of cell surface death receptors. Cell 94:481-
490, 1998.

31. Uhal BD. Cell cycle kinetics in the alveolar epithelium. Am J Physiol
Lung CelJ Mol Physiol 272:Ll031-Ll045, 1997.

32. Barazzone C, Horowitz S, Donati YR, Rodriguez I, Piguet PF. Oxy-
gen toxicity in mouse lung: pathways to cell death. Am J Respir Cell
Mol Bioi 19(4):573-581, 1998.

33. Takeoka M, Ward WF, Pollack H, Kamp DW, Panos RI. Keratino-
cyte growth factor facilitates repair of radiation-induced DNA dam-
age in alveolar epithelial cells. Am J Physiol Lung Cell Mol Physiol
272:Ll 174-L1 180, 1997.

34. Kuwano K, Kunitake R, Kawasaki M, Nomoto Y, Hagimoto N, Na-
kanishi Y, Hara N. P21WafllCipllSdil and p53 expression in asso-
ciation with DNA strand breaks in idiopathic pulmonary fibrosis. Am
J Respir Crit Care Med 154:477-483, 1996.

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

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

37. Hamilton RF, Iyer LL, Holian A. Asbestos induces apoptosis in hu-
man alveolar macrophages. Am J Physiol Lung Cell Mol Physiol
271:L813-L819, 1996.

38. Aljandali A, Pollack H, Yeldandi A, Li Y, Weitzman SA, Kamp DW.
Asbestos causes apoptosis in alveolar epithelial cells: role of iron-
induced free radicals. J Lab Clin Med 137:330--339, 2001.

39. Marchi E, Liu W, Broaddus VC. Mesothelial cell apoptosis is con-
firmed in vivo by morphological change in cytokeratin distribution.
Am J Physiol Lung Cell Mol Physiol 278:L528-L535, 2000.

40. Aust AE, Eveleigh JF. Mechanisms of DNA oxidation. Proc Soc Exp
Bioi Med 222:246-252, 1999.

41. Choe N, Tanaka S, Kagan E. Asbestos fibers and interleukin-I up-
regulate the formation of reactive nitrogen species in rat pleural me-
sothelial cell. Am J Respir Cell Mol Bioi 19:226-236, 1998.

42. Ghio AJ, Stonehuemer J, Steele MP, Crumbliss AL. Phagocyte-
generated superoxide reduces Fe3+ to displace it from the surface of
asbestos. Arch Biochem Biophys 315:219-225, 1994.

43. Hardy JA, Aust AE. The effect of iron binding on the ability of
crocidolite asbestos to catalyze DNA single-strand breaks. Carcino-
genesis 16:319-325, 1995.

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

45. Unfried K, Schurkes C, Abel J. Distinct spectrum of mutations in-
duced by crocidolite asbestos: clue for 8-hydroxydeoxyguanosine-
dependent mutagenesis in vivo. Cancer Res 62:99-104, 2002.

46. Mossman BT, Surinrut P, Brinton BT, Marsh JP, Heintz NH, Lindau-
Shepard B, Shaffer 18. Transfection of a manganese-containing su-
peroxide dismutase gene into hamster tracheal epithelial cells ame-

ASBESTOS-INDUCED DNA DAMAGE 657



tiorates asbestos-mediated cytotoxicity. Free Radical Bioi Med
21:125-131, 1996.

47. Green DR, Reed JC. Mitochondria and apoptosis. Science 281:1309-
1312, 1998.

48. Kamp OW, Panduri V, Weitzman SA, Chandel NS. Asbestos-induced
alveolar epithelial cell apoptosis: role of mitochondrial dysfunction
caused by iron-derived free radicals. Mol Cell Biochem 234-
235(1-2):153-160,2002.

49. Sawyer DE, Van Houten B. Repair of DNA damage in mitochondria.
Mutat Res 434:161-176, 1999.

50. Janssen YM, Driscoll KE, Timblin CR, Hassenbein 0, Mossman BT.
Modulation of mitochondrial gene expression in pulmonary epithelial
cells exposed to oxidants. Environ Health Perspect 106:1191-1195,
1998.

51. Driscoll KE, Carter JM, Howard BW, Hassenbein 0, Janssen YM,
Mossman BT. Crocidolite activates NF-KB and MIP-2 gene expres-
sion in rat alveolar epithelial cells. Role of mitochondrial-derived
oxidants. Environ Health Perspect 106;5:1171-1174,1998.

52. Panduri V, Weitzman SA, Chandel N, Kamp OW. The mitochon-
drial-regulated death pathway mediates asbestos-induced alveolar ep-
ithelial cell apoptosis. Am J Respir Cell Mol Bioi, 28:241-248, 2003.

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

54. Narasimhan SR, Yang L, Gerwin BI, Broaddus VC. Resistance of
pleural mesothelioma cell lines to apoptosis: relation to expression of
Bcl-2 and Bax. Am J Physiol Lung Cell Mol Physiol 275:Ll65-
Ll71, 1998.

55. Aikoh T, Tomokuni A, Matsukii T, Hyodoh F, Ueki H, Otsuki T,
Ueki A. Activation-induced cell death in human peripheral blood
lymphocytes after stimulation with silicate in vitro. Intern J Oncol
12:1355-1359, 1998.

56. Li XY, Lamb 0, Donaldson K. The production ofTNF-ex and IL-I-
like activity by bronchoalveolar leucocytes after intratracheal instil-
lation of crocidolite asbestos. Intern J Exp Pathol 74:403-410, 1993.

57. Brass OM, Hoyle GW, Poovey HG, Liu JY, Brody AR. Reduced
tumor necrosis factor-ex and transforming growth factor-B I expres-
sion in the lungs of inbred mice that fail to develop fibroproliferative
lesions consequent to asbestos exposure. Am J Pathol 154:853-862,
1999.

58. Simeonova PP, Luster Ml. Iron and reactive oxygen species in the
asbestos-induced tumor necrosis factor-ex response from alveolar
macrophages. Am J Respir Cell Mol Bioi 12:67(Kj83, 1995.

59. Manna SK, Zhang HJ, Van T, Oberley LW, Aggarwal BB. Overex-
pression of manganese superoxide dismutase suppresses tumor ne-
crosis factor-induced apoptosis and activation of nuclear transcription
factor-all and activated protein-I. J Bioi Chern 273:13245-13254,
1998.

60. Zwacka RM, Dudus L, Epperly MW, Greenberger JS, Engelhardt JF.
Redox gene therapy protects human 18-3 lung epithelial cells against
ionizing radiation-induced apoptosis. Human Gene Ther 9:1381-
1386, 1998.

< -61. Reddy S, Mossman BT. Role and regulation of activated protein-I in
oxidant-induced responses of the lung. Am J Physiol Lung Cell Mol
Physiol 283:Ll 161-Ll 178, 2002.

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

63. Zanella CL, Posada J, Tritton TR, Mossman BT. Asbestos causes
stimulation of the extracellular signal-regulated kinase I mitogen-
activated protein kinase cascade after phosphorylation of the epider-
mal growth factor receptor. Cancer Res 56:5334-5338, 1996.

64. Jimenez LA, Zanella C, Fung H, Janssen YM, Vacek P, Charland C,
Goldberg J, Mossman BT. Role of extracellular signal-regulated pro-

658 ASBESTOS·INDUCED DNA DAMAGE

tein kinases in apoptosis by asbestos and H20 2• Am J Physiol Lung
Cell Mol Physiol 273:Ll029-Ll035, 1997.

65. Xia Z, Dickens M, Raingeaud J, Davis RJ, Greenberg ME. Opposing
effects of ERK and JNK-p38 MAP kinases on apoptosis. Science
270:1326-1331,1995.

66. Dai J, Churg A. Relationship of fiber surface iron and active oxygen
species to expression of procollagen, PDGF-A, and TGF-131 in tra-
cheal explants exposed to amosite asbestos. Am J Respir Cell Mol
Bioi 24:427-435, 2001.

67. Luster MI, Simeonova PP. Asbestos induces inflammatory cytokines
in the lung through redox sensitive transcription factors. Toxico1 Lett
28;102-103:271-275, 1998.

68. Simeonova PP, Luster Ml. Asbestos induction of nuclear transcrip-
tion factors and interleukin 8 gene regulation. Am J Physiol Cell Mol
Physiol 15:787-795, 1996.

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

70. Brown OM, Beswick PH, Donaldson K. Induction of nuclear trans-
location of NF-KB in epithelial cells by respirable mineral fibers. J
Pathol 189:258-264, 1999.

71. Robledo RF, Buder-Hoffmann SA, Cummins AB, Walsh ES, Taatjes
OJ, Mossman BT. Increased phosphorylated extracellular signal-
regulated kinase immunoreactivity associated with proliferative and
morphologic lung alterations after chrysotile asbestos inhalation in
mice. Am J PathoI156:1307-1316, 2000.

72. Angel P, Karin M. The role of Jun, Fos and the AP-I complex in cell
proliferation and transformation. Biochim Biophys Acta 1072:129-
157, 1991.

73. Pandey S, Wang E. Cells en route to apoptosis are characterized by
the upregulation of c-fos, c-myc, c-jun, cdc2, and RB phosphoryla-
tion, resembling events of early cell-cycle traverse. J Cell Biochem
58:135-150, 1995.

74. Timblin CR, Janssen YWM, Mossman BT. Transcriptional activation
of the proto-oncogene c-jun, by asbestos and H20 2 is directly related
to increased proliferation and transformation of tracheal epithelial
cells. Cancer Res 55:2723-2726, 1995.

75. Ding M, Dong Z, Chen F, Pack D, Ma WY, Ye J, Shi X, Castranova
V, Vallyathan V. Asbestos induces activator protein-I transactivation
in transgenic mice. Cancer Res 59:1884-1889, 1999.

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

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

78. Faux SP, Howden PJ. Possible role of lipid peroxidation in the in-
duction of NF-KB and AP-I in RFL-6 cells by crocidolite asbestos:
evidence following protection by vitamin E. Environ Health Perspect
105:1127-1130, 1997.

79. Benchimol S. p53-dependent pathways of apoptosis. Cell Death Dif-
fer 8: 1049-1051, 2001.

80. Levresse V, Renier A, Fleury-Feith J, Levy F, Moritz S, Vivo C,
Pilatte Y, Jaurand MC. Analysis of cell cycle disruptions in cultures
of rat pleural mesothelial cells exposed to asbestos fibers. Am J
Respir Cell Mol Bioi 17:66(}..{j7I, 1997.

81. Costanzo A, Merlo P, Pediconi N, Fulco M, Sartorelli V, Cole PA,
Fontemaggi G, Fanciulli M, Schiltz L, Blandino G, Balsano C, Levr-
ero M. DNA damage-dependent acetylation of p73 dictates the se-
lective activation of apoptotic target genes. Mol Cell 9:175-186,
2002.

82. Nordstrom W, Abrams JM. Guardian ancestry: fly p53 and damage-
inducible apoptosis. Cell Death Differ 7:1035-1038,2000.

83. Nelson WG, Kastan MB. DNA strand breaks: the DNA template



alterations that trigger p53-dependent DNA damage response path-
ways. Mol Cell BioI 14:1815-1823, 1994.

84. Wang S, Nath N, Minden A, Chellappan S. Regulation of Rb and E2F
by signal transduction cascades: divergent effects of JNKI and p38
kinases. EMBO J 18:1559-1570, 1999.

85. Husgafvel-Oursiainen K, Kannio A, Oksa P, Suitiala T, Koskinen H,
Partanen R, Hemminki K, Smith S, Rosenstock-Ieibu R, Brandt-Rauf
P. Mutations, tissue accumulation and serum levels ofp53 in patients
with occupational cancers from asbestos and silica exposure. Environ
Mol Mutagen 30:224-230, 1997.

86. Lin F, Liu Y, Liu Y, Keshava N, Li S. Crocidolite induces cell
transformation and p53 gene mutation in BALB/c-3T3 cells. Terato-
genesis Carcinogenesis Mutagenesis 20(5):273-281, 2000.

87. Vaslet CA, Messier NJ, Kane AB. Accelerated progression of asbes-
tos-induced mesotheliomas in heterozygous p53+1

- mice. Toxicol Sci
68:331-338,2002.

88. Caputi M, Esposito V, Baldi A, DeLuca A, Dean C, Signoriello G,
Baldi E, Giordano A. p2lWaf/Cipl mda-6 expression in non-small
ceIl lung cancer: relationship to survival. Am J Respir CeIl Mol Bioi
18:213-217, 1998.

89. Modestou M, Puig-Antich V, Korgaonkar C, Eapen A, Quelle DE.
The alternative reading frame tumor suppressor inhibits growth
through p21-dependent and p21-independent pathways. Cancer Res
61:3145-3150,2001.

90. Baldi A, Groeger AM, Esposito V, Cassandro R, Tonini G, Battista
T, Di Marino MP, Vincenzi B, Santini M, Angelini A, Rossiello R,
Baldi F, Paggi MG. Expression of p21 in SV40 large T antigen-
positive human pleural mesothelioma: relationship with survival.
Thorax 57:353-356, 2002.

91. Bernstein C, Bernstein H, Payne CM, Garewal H. DNA repair/pro-
apoptotic dual-role proteins in five major DNA repair pathways:
fail-safe protection against carcinogenesis. Mutat Res 511: 145-178,
2002.

92. Hsieh MM, Hegde V, Kelley MR, Deutsch WA. Activation of APE!
Ref-I redox activity is mediated by reactive oxygen species and PKC
phosphorylation. Nucleic Acids Res 29:3116-3122, 2001.

93. Izumi T, Hazra TK, Boldogh I, Tomkinson AE, Park MS, Ikeda S,
Mitra S. Requirement for human AP endonuclease I for repair of

3'-blocking damage at DNA single-strand breaks induced by reactive
oxygen species. Carcinogenesis 21:1329-1334, 2000.

94. Flaherty DM, Monick MM, Carter AB, Peterson MW, Hunninghake
GW. Oxidant-mediated increases in redox factor-I nuclear protein
and activator protein-I DNA binding in asbestos-treated macro-
phages. J ImmunoI168:5675-568I, 2002.

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

96. Ollikainen T, Puhakka A, Kahlos K, Linnainmaa K, Kinnula VL.
Modulation of cell and DNA damage by poly(ADP)ribose polymer-
ase in lung cells exposed to H20 2 or asbestos fibers. Mutat Res
470:77-84, 2000.

97. Schraufstatter IV, Hinshaw DB, Hyslop PA, Spragg RG, Cochrane
CG. DNA strand breaks activate polyadenosine diphosphate-ribose
polymerase and lead to the depletion of nicotinamide adenine di-
nucleotide. J Clin Invest 77:1312-1320, 1986.

98. Simbulan-Rosenthal CM. Rosenthal OS, Hilz H, Hickey R, Malkas
L, Applegreen N, Wu Y, Bers G. Smulson ME. The expression of
poly(ADP-ribose) polymerase during differentiation-linked DNA
replication reveals that it is a component of the multiprotein DNA
replication complex. Biochemistry 35:11622-11633, 1996.

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

100. Kamp DW, Srinivasan M, Weitzman SA. Cigarette smoke and as-
bestos activate poly-ADA-ribose polymerase in alveolar epithelial
ceIls. J Invest Med 49:68-76, 200 I.

101. Li P, AIlen H, Banejee S, Franklin S, Herzo L, Johnson C, McDowell
J. Paskind M, Rodman L. Salfeld J. Mice deficient in lL-If3-
converting enzyme are defective in the production of mature IL-I,
and resistant to endotoxic shock. Cell 80:401-411, 1995.

102. Wang ZQ, Auer B, Stingl L, Berghammer H, Hardacher D, Sch-
weiger M, Wagner EF. Mice lacking ADPRT and poly(ADP-
ribosy1)ation develop normaIly but are susceptible to skin disease.
Genes Dev 9:509-520, 1995.

ASBESTOS-INDUCED DNA DAMAGE 659


