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1 General Introduction

Exploitation of mineral dusts has been described in ancient cultures. For ex-
ample, asbestos minerals were used in burial rituals to ascertain proper crema-
tion. The word asbestos is derived from the Greek a-o(JeaTO^ which literally
means not-quenchable. Currently, the term asbestos refers to 6 naturally occur-
ring mineral silicate fibers which are subdivided in 2 categories, as shown in
figure 1(1). Chrysotile, the only member of the serpentine family accounts for
over 90% of the world production of asbestos and has been mined extensively
in Canada and Russia (2). The amphibole family of asbestos fibers has 5
members. Crocidolite and amosite, blue and brown asbestos, respectively, are
now only mined in South Africa. Tremolite, actinolite and anthophyllite have
only rarely been mined for use as commercial asbestos. However these amphi-
bole minerals are sometimes found as contaminants of other exploited minerals
such as talc, chrysotile and vermiculite among other minerals (1). Asbestos
minerals due to their great tensile strength, resistance to heat and chemicals, and
low cost in comparison to man made materials have been used extensively in a
number of industries. For instance, asbestos is found in brake linings, floortiles,
insulation materials, cement, and in many domestic applications. Asbestos
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fibers differ greatly in their chemical composition, size and shape. Although
amphibole asbestos fibers have not been mined as extensively as chrysotile, in
the light of past workplace exposures and their toxicity, it remains important to
study mechanisms implicated in the development of pulmonary disease follow-
ing exposure to these minerals (2). As described in a recent report by Mossman
and coworkers, asbestos engenders both fear and panic in U.S. society. This has
lead to an explosion of asbestos identification and removal companies, a ban of
asbestos usage in specific applications, and usage and development of naturally
occurring and synthetic fibers as asbestos substitutes (2). Among non-asbestos
naturally occurring mineral fibers are erionite, a zeolite mineral, attapulgite,
wollastonite, and sepiolite (1). Man-made mineral fibers (MMMF) is a generic
term applied to fibrous inorganic substances made primarily from rock, clay,
slag, or glass. Such fibers are classified in three general groups; glassfibers,
rock wool, and slagwool and ceramic fibers (3). A number of mineral particles,
including crystalline silica dusts, titanium dioxides, and coal mine dusts, mined
for different purposes, also should be considered in toxicological studies be-
cause of their varying toxic potentials (4).

Exposure to mineral dusts in the occupational environment can give rise to a
spectrum of pulmonary disorders. For example, asbestos inhalation can lead to
the development of pulmonary fibrosis (asbestosis), a non-malignant disorder,
as well as the malignant diseases bronchogenic carcinoma and mesothelioma
(2). Development of malignant disease is not limited to asbestos fibers. For
instance, in several villages in central Turkey, high incidences of mesothelioma
were reported due to the presence of erionite, a natural contaminant of the soil
(5). Inhalation of silica dusts primarily causes pulmonary fibrosis (silicosis),
histologically distinctive from asbestosis (4).

Development of pulmonary disease depends on a number of factors, including
the type of mineral which is inhaled, the dose that is retained in the lung, and
individual susceptibility. Fiber size, dimension, physicochemical composition,
surface characteristics determine the site of deposition within the respiratory
tract. Fiber durability, extent and duration of exposure and clearance charac-
teristics are factors governing the retention of mineral dust within the lung (6).
For instance, chrysotile asbestos contains magnesium which leaches out of the
fiber and eventually causes fiber dissociation. In addition, fine glass fibers and
some man made mineral fibers, including rockwool and slagwool preparations
also show rapid dissolution in lung tissue. Consequently, these fibers disappear
much more readily out of the lung compared to some of the amphibole asbestos
fibers, many of wich are retained within the lung for multiple years (6). This can
contribute to the differences in toxic potentials of these mineral dusts.
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The mechanisms involved in the development of lung disease after inhalation of
mineral dusts are not well understood. A number of processes triggered within
the lung following deposition of mineral dusts appear to be important in toxicity
of minerals. These include activation of macrophages and other phagocytic cells
(7), release of cytokines and growth factors (8), induction of inflammation and
the production of active oxygen species (AOS) (9).

In the last decade, a lot of evidence accumulated pointing to active oxygen
species (AOS) as mediators of mineral dust-induced lung disease. A number of
mineral fibers have the intrinsic capacity to generate AOS in the absence of cells
(10). Alternatively, AOS can also be generated following deposition of mineral
dusts in the lung as a consequence of activation of enzymatic pathways in a
number of different cell types including macrophages and polymorphonuclear
leukocytes (11). Elaborate defense systems against active oxygen species exist
in mammalian and bacterial cells. These antioxidant systems consist of both
enzymatic and non-enzymatic components. Lung disease can ensue in condi-
tions of excessive production of active oxygen species or deficient functioning
of the antioxidant system (12). :; • >«< ;••< ^ .«/Hi > ; ,«

The aim of the first part of this thesis is to study whether rat lungs, after exposure
by inhalation, or isolated target cells of mineral dust-induced disease
(mesothelial cells, fibroblasts) respond to mineral dust-induced oxidative stress
with alterations in antioxidant defenses. Other goals are to determine whether
alterations in antioxidant defenses can be related to disease formation or
progression, or alternatively whether these alterations can serve as biomarkers
of oxidative stress. Different mineral dusts are used in these studies, including
asbestos fibers, silica or titanium dioxide particles.

The second part of this thesis addresses the proliferative events induced by
mineral dusts. Pulmonary fibrosis, bronchogenic carcinoma and mesothelioma
are diseases resulting from aberrant proliferation of fibroblasts,
tracheobronchial epithelial cells and mesothelial cells, respectively. Molecular
mechanisms involved in these processes are obscure. Proliferative events are
studied in vi/ro in isolated cultures of tracheobronchial epithelial cells or pleural
mesothelial cells after exposure to mineral dusts. Gene expression and DNA
binding activity of c-/as and c-ywn protooncogenes is studied since both are
immediate early gene products involved in transition of cells from the GO stage
into the Gl stage of the cell cycle and progression through Gl. Both protoon-
cogenes are implicated in cell proliferation and transformation. The family of
/as and yun genes is able to dimerize and form the transcription factor AP-1, a
regulatory factor that transfers a signal generated on the plasma membrane into
the nucleus. Thus, AP-1 serves as a signal transducer and affects expression of

11
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genes involved in differentiation and proliferation (13). In addition, gene expres-
sion of omithine decarboxylase (ODC), which increases during G1 and S phases
of the cell cycle and is essential for cell division is measured (14). These
experiments aid in clarifying the molecular events triggered within the cell
following mineral dust exposure and their relationship to proliferation. Several
approaches are used to determine whether AOS are involved in mineral dust-in-
duced proliferation, including preventive approaches using antioxidants and
alternatively generating systems of AOS. Native and modified asbestiform
fibers are used since these fibers give rise to bronchogenic carcinoma or
mesothelioma. These studies are designed to delineate the properties of asbestos
fibers that are important in causing proliferation in these target cells of pul-
monary disease. In addition, different fibrous dusts, including man made
vitreous fibers and refractory ceramic fibers are tested to determine if they have
comparable potencies in causing proliferation in these target cells. ^,,.^;.

Chapters 2 and 3 are general reviews concerning AOS. In chapter 2, general
responses of cells to active oxygen species or compounds giving rise to AOS are
discussed. A section on mineral dusts is included in order to compare cellular
responses to mineral dusts with those elicited by other oxidant stresses. This
provides an overview of oxidant stress responses and strengthens the role of
AOS in mineral dust-induced disease. In chapter 3 the role of AOS in mineral
dust induced toxicity is addressed in more detail. Chapters 2 and 3 furthermore
stress the findings of proliferative alterations following exposure to mineral
dusts or other oxidant stresses, concurrent with alterations in antioxidant defen-
ses. This provides the framework of this thesis, as outlined in figure 2. Chapters
4-6 are detailed studies of the regulation of antioxidant defenses in rat lung or
target cells after exposure to mineral dusts. Chapters 7 and 8 address prolifera-
tive responses of rodent mesothelial cells and epithelial cells to asbestiform
minerals and implications for disease. Lastly, in Chapter 9 the findings are
summarized and their importance in toxicological studies described.
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Introduction

Although oxygen is a necessary requirement for aerobic organisms, its more
reactive metabolites, active oxygen species (AOS), are implicated in a number
of diseases. Bacterial and mammalian cells have elaborate defense mechanisms
against AOS including enzymatic and non-enzymatic antioxidants (1-3). How-
ever, under certain conditions, these defense systems may be inadequate, and
cell damage and/or disease ensue.

Currently, much attention is focused on AOS and their deleterious effects on
cells (lipid peroxidation, DNA damage etc.). Moreover, biomarkers for predic-
tion of disease are being developed to measure the status of oxidative stress in
individuals (4-10). However, little is known about cellular responses to AOS-
mediated damage. For example, some cells may respond to AOS-mediated
stress by altering expression of certain genes and synthesizing proteins involved
in scavenging or repair of AOS-induced lesions. These phenomena may reflect
adaptive responses. Other cell types may be deficient in repair of damage
induced by oxidant stress. In this review, pathways of generation of AOS and
various diseases associated with elaboration of AOS and/or altered DNA repair
will be addressed briefly. Lastly, we will focus on specific responses of mam-
malian cells to oxidative stress and their implication in cellular defense, adapta-
tion and protection from disease. , ... :•.:.„-,•,-

Formation and Removal of Active Oxygen Species (AOS)

During reduction of molecular oxygen to water in cellular respiration, partially
reduced oxygen species are produced which are very reactive with protein, lipids
and DNA (3). These AOS are formed in the mitochondrial electron transport
chain (11), the cyclooxygenase pathway, and by cellular enzymes such as
cytochrome P450 oxidase, xanthine oxidase and NADPH oxidase (3,7,11,12).
AOS have important physiological roles in the metabolism of various xenobiotic
compounds (7) and in bacterial killing by phagocytes. During phagocytosis, a
membrane bound enzyme (NADPH oxidase) is activated in neutrophils and
macrophages which evokes an oxidative burst and the formation of various AOS
(Figure 1). Neutrophils contain myeloperoxidase which converts hydrogen
peroxide (H2O2) into hypochlorous acid (HOC1), a relatively long-lived oxidant
(7,10). In cellular and acellular systems, the presence of iron or other divalent
cations can convert superoxide (O^) and hydrogen peroxide (H2O2) to the
hydroxyl radical (OH), one of the most reactive AOS (13). Another potential
source of Oi is the peroxisomal enzyme, xanthine oxidase (14), which generates
O2 and H2O2 during the metabolism of xanthine or hypoxanthine to uric acid
(7,15). Cellular conversion of xanthine dehydrogenase to xanthine oxidase

16
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occurs in a variety of cell types after exposure to specific stimuli, including
phorbol esters, Tumor Necrosis Factor a (TNF) or ischemia-reperfusion injury
(15,16). Nitric oxide (NO), formed during oxidation of arginine, can react with
O2 to form peroxynitrite (ONOO-), a stable intermediate which decomposes into
a strong oxidant with reactivity similar to OH- (17).

A variety of exogenous chemical and physical agents also cause production
of AOS (3,13,18-21). These include mineral dusts, ozone, nitrogen oxides and
other gases, ultraviolet radiation, ionizing radiation, etc. Other compounds
constituting an important source of oxidant stress are phytoalexins or plant stress
metabolites such as rose bengal, psoralen and quinones (22). Some of these
species can undergo redox cycling within the cell resulting in a continuous
generation of AOS (22).

AOS are potentially harmful to cells because they interact with and modify a
spectrum of biomolecules (7,12,18,23). Some biochemical effects of AOS
resulting in progressive cell damage include lipid peroxidation, oxidative
modification of proteins, and DNA alterations. Lipid peroxidation consists of a
series of reactions resulting from the interaction of AOS with polyunsaturated
fatty acids. In a chain reaction, a range of AOS can be formed including OH-,
H2O2, singlet oxygen, peroxyl and alkoxyl radicals (10). Numerous studies use
products of lipid peroxidation as indicators of oxidative stress, and sensitive
techniques are available to measure the extent of lipid peroxidation in cells,
lavage fluids and urine (6,24).

AOS also activate or inactivate proteins. For example, stimulated neutrophils
which release AOS can inactivate glutamate synthetase and several other en-
dogenous enzymes (25) including copper zinc-containing superoxide dismutase
(CuZnSOD) (26). Alternatively, guanylate cyclase is activated following
sulfhydryl oxidation by H2O2 resulting in the production of the second mes-
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senger, cyclic GMP (27). Various AOS also inactivate certain antioxidant
enzymes or generating systems directly (26,28-31). For example, inactivation of
xanthine oxidase by H2O2 might provide a negative feedback mechanism for
prevention of cellular or tissue injury (32).

Elaborate defense systems against AOS exist in bacterial and mammalian
cells (1,3,19,33,34). The functions of some relevant antioxidant enzymes are
outlined in Figure 2. Mammalian tissues contain three forms of superoxide
dismutase (SOD), an enzyme converting O^ to H2O2. These include two
CuZnSODs, one localized extracellularly (ECSOD)(35) and the other within
peroxisomes (36) and the cytoplasm (37). The third form of SOD contains
manganese (MnSOD) and is localized almost exclusively in the mitochondria
(38). The SODs and other antioxidant enzymes, including catalase and
glutathione peroxidase (GPX), are complemented by a number of non-en-
zymatic factors located both intra- and extracellularly (34,39). Sulfhydryl-con-
taining molecules such as glutathione (GSH), vitamins C and E, albumin,

18



ceruloplasmin, bilirubin and uric acid are components of the non-enzymatic
antioxidant system (12). Metallothionein and heme oxygenase are proteins
induced after exposure to agents that cause oxidative stress (40,41). Although
not considered traditionally as antioxidants, both proteins have antioxidant
functions. Metallothionein, a sulfhydryl-rich protein involved in metal homeos-
tasis, is a scavenger of OH in vitro (40). Heme oxygenase, an enzyme catalyzing
conversion of heme to biliverdin, leads to a reduction of the cellular pool of
heme and heme containing proteins, thus removing potential pro-oxidant
catalysts. Furthermore, bilirubin, the end product of the heme degradation
pathway, is a molecule with antioxidant properties (41,42). This combination of
enzymatic and nonenzymatic sources provides an important protective system
against various oxidant stresses. Normally, a balance exists between formation
of AOS and antioxidants. However, oxidative stress, cell injury and disease may
ensue after excessive production of oxidants or deficient functioning of an-
tioxidant defenses (3,10,39).

Diseases Associated with Active Oxygen Species (AOS) nti ^

Various pathological conditions are associated with AOS-mediated events,
including cancer, aging, rheumatoid arthritis, various pulmonary disorders in-
cluding adult respiratory distress syndrome (ARDS), and pulmonary fibrosis,
ischemia-reperfusion injury, and immune complex-mediated disease (1,3,7,
18,43-45). Of these diseases, the involvement of AOS in carcinogenesis has
been studied most intensely in a number of experimental models.

Carcinogenesis is a multi-stage process which classically is subdivided into
several phases (1,2). Initiation involves the interaction of a carcinogen with
DNA resulting in a persistent lesion which can lead to mutations and heritable
changes within the cell. Subsequently, selection and clonal proliferation of
initiated cells occur during promotion. In the final stages of carcinogenesis,
progression of benign lesions and subsequent genetic and phenotypic changes
culminate in the establishment of a malignant neoplasm (1).

Strong evidence exists that AOS play an important role in all stages of
tumorigenesis (1,2,7,10,46-49). For example, direct interaction of AOS with
DNA is implicated in the initiation and progressional stages of carcinogenesis
(1,3,47,48). AOS cause formation of oxidized bases (7,8,10) and a spectrum of
DNA lesions including base damage, single strand breaks, double strand breaks,
crosslinking of DNA, and damage to the deoxyribose moiety (Figure 3, Table
1) (10,50). Since neither O2 nor H2O2 appear to cause strand breaks or base
modifications in DNA under physiological conditions, it has been proposed that
conversion of these species to OH in the presence of metal ions via a Fenton
reaction is responsible for DNA damage (9,10,51,52). A number of new techni-
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ques have become available for sensitive measurement of oxidative lesions in
DNA. For example, gas chromatography/mass spectrometry with selected ion
monitoring can be used to characterize the spectrum of DNA damage after
exposure to xenobiotics or AOS, thus providing a method for fingerprinting
DNA damage (10). One of the most prevalent types of endogenous DNA
damage is the oxidative lesion, 8-oxodeoxyguanine (8-oxoG), also referred to as
8-hydroxyguanine (8,53). 8-oxoG is a major mutagenic lesion and a suspect
lesion in the formation of both spontaneous cancers and those induced by a
number of different agents. For example, 8-oxoG formation is observed in DNA
after exposure to the known carcinogens, 4-nitroquinoline oxide, ionizing radia-
tion, KB1O3, and 2-nitropropane (18,54).

The involvement of AOS in tumor promotion is indicated by studies showing
that generating systems of AOS mimic some of the biochemical actions of tumor
promoting compounds (47,48,55). These effects include increased activity of
omithine decarboxylase (ODC), a rate limiting enzyme in the biosynthesis of
polyamines integral to cell proliferation (56,57), increased incorporation of
%-thymidine (54), and activation of protein kinase C (PKC) (58). Moreover,
phorbol ester tumor promoters can stimulate endogenous formation of AOS in
several cell types and cause a decrease in cellular antioxidant defenses (7).

20



Table 1. Commonly
Species (AOS):

Damage

8-oxoguaninc

8-oxoadenine

FAPYG<

FAPYA' ,

Thymine glycol

Dihydrothymine

5-hydroxycytosine

5-hydroxyuracil

Abasic sites

Detected DNA Base Damages Associated

Repair Pathways'

FAPY glycosylase(MurM) 8-oxoGC
8-oxo GTPase(Mwr7")
A glycosylase(.W«/K)
BER*
NER3(?)

Not known -
NER(?) !

FAPY glycosylase(AfM/M)/BER
NER (?)

FAPY glycosylase(Mnrtf)/BER
NER(?)

Endonuclease III(n//»)/BER

Endonuclease III(nfn)/BER

Not known

Not known - - ^--- . •*•

AP endonucleases(nfn, jr//i, n/o)/BER
NER

with Active Oxygen

Consequences

0 —• T transversions

Not known

Cytotoxic lesions

None known

Cylotoxic lesions , -(M

None known i w i ^ ' i i

Not known ,'/

C - » T transitions ;{>.>'•:

I n s e r t i o n o f A ••'••'"'••"'*"*

£.CO/J f64j. T/i« £.co//

rc5pec//ve enzymes are j/a/icized in parew/nci«. //o/no/ogo«« enzyme in
ce//i nave fceen iden/i^eJ, fcu/ nave no/ feeen we// tnaratrerized.; ^ fl£/? =

excision repair; ^ #£ft = ni<c/eofia"c excision repair, * M f KG = 2,6-d7anjino-4-n>>d"ro;ry-5

Lastly, it has also been shown that antioxidants are anticarcinogens and inhibit
tumor promotion and/or progression in experimental models of carcinogenesis
(1,2,49,59).

The critical role of DNA repair in the prevention of cancer development is
indicated by several syndromes in which specific repair pathways are blocked.
The disease xeroderma pigmentosum (XP) is characterized by a defect in a
nucleotide excision pathway which renders patients extremely sensitive to
UV-induced DNA damage and skin cancer (60). Fibroblasts from patients with
ataxia telangiectasia (AT) are hypersensitive to the lethal effects of ionizing
radiation, implying that these cells are defective in the ability to process radia-
tion-induced DNA damage (60). Moreover, patients with AT are extremely
sensitive to X-rays and have an increased incidence of cancers of the lym-
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phoreticular system (60). Other repair deficiencies and their consequences in
man have been reviewed elsewhere (60-62).

Repair of Oxidative DNA Damage in Mammalian Cells

Repair of other biomolecules such as lipids and proteins may occur after
oxidative injury, but most research has focused on mechanisms of DNA repair.
AOS-induced DNA damage is not a rare event, and it is estimated that a human
cell sustains an average of 10̂  'oxidative hits' per day due to cellular oxidative
metabolism (63). However, DNA is functionally very stable, and the incidence
of cancer is much lower than one would expect considering the high frequency
of oxidative attacks. This protection is accomplished in part by a broad array of
enzymes involved in the repair of DNA lesions (reviewed in 64-68). Table 1
summarizes DNA base damages and repair pathways associated with AOS and
the known biological consequences of these base damages. The importance of
these repair systems is indicated by the existence in cells of multiple enzymes
involved in the repair of single lesions and the high degree of homology of DNA
repair genes in various species.

Base damage induced by AOS can be repaired by two genera] pathways in
both bacterial and mammalian cells. These include base excision repair and
nucleotide excision repair (67). Base excision repair represents the removal of
oxidative base damages by specific glycosylases followed by the action of
apurinicNapyrimidinic (AP) endonucleases which cleave the phosphodiester
backbone resulting in the loss of the abasic sugar. The nucleotide gap is than
filled in and sealed by the action of DNA polymerase and DNA ligase.

The five general steps in the base excision repair pathway of DNA damage in
bacterial and mammalian cells are shown in Figure 4. Base damage is recog-
nized by a glycosylase which excises the base resulting in an abasic site. The
cell contains many glycosylases, some of which also contain AP-endonuclease
activity recognizing a specific type of base damage. Abasic sites are recognized
by endonucleases. Dual action of 5' and 3' AP-endoncleases and/or subsequent
action of 5'-» 3'exonuclease generates gaps in the strand. During the resynthesis
step, DNA polymerase fills in these gaps, and DNA ligase seals the strand and
completes the DNA repair process.

Base excision repair is also referred to as "short patch repair" as it involves
resynthesis of 1-3 nucleotides. Another repair pathway of DNA damage which
exists in both bacterial and mammalian cells involves resynthesis of larger
patches of DNA, thus is referred to as "long patch" or nucleotide excision repair
(69). The molecular events of this repair process have not been well charac-
terized in mammalian cells, but involve the coordinate action of a number of
different proteins at sites of numerous bulky DNA lesions.

22



Several other repair enzymes are in-
duced in mammalian cells in response
to DNA damage (70-73). DNA strand
breaks induced by a variety of
oxidants activate a nuclear enzyme
(poly-ADP ribose polymerase) in-
volved in repair of DNA lesions
(72,74,75). However, activation of
this enzyme diminishes cellular NAD
and ATP levels and is associated with
decreased cell survival (75). Inhibi-
tion of poly-ADP ribose polymerase
activity in mammalian cells exposed
to lethal concentrations of H2O2
prevents the sequence of events that
eventually lead to cell lysis (72).
These observations illustrate a cir-
cumstance where induction of a DNA
repair enzyme is associated with cell
injury and death (72,75).
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Figure 4. Base ejtas/ow repair 0 / DM4
m ma/nwia/i'an ce/As.

Alterations in Gene Expression and Proteins After Specific Oxidative
Stresses in Mammalian Cells

«SJ3t • • •$

After exposure to oxidants, mammalian cells may express stress-induced genes
or genes encoding antioxidant enzymes and related proteins. One approach used
to elucidate alterations in gene expression following oxidative stress is subtrac-
tive hybridization (76,77). In this method, RNA isolated from cells exposed to
oxidants is hybridized to RNA from control cells, and unique RNA species
which remain present following the subtraction process can be used to elucidate
genes expressed selectively after AOS exposure (78).

Other investigators have used two-dimensional gel electrophoresis to deter-
mine alterations in protein synthesis after oxidative stress (79,80). Moreover,
several laboratories have studied the appearance of new enzymes or altered
enzymatic activities (81). With the use of these techniques, molecular responses
have been investigated after exposure to various oxidant stresses including UV
radiation, ionizing radiation, phorbol ester tumor promoters and hyperoxia.
Some patterns of response after exposure to various agents are similar (82).
However, other pathways of activation appear to be unique to the type of
oxidative stress. Some recent findings and their implications in adaptation
and/or disease are described below.
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Ultraviolet (UV) Radiation

Exposure to UV causes intracellular production of AOS (20) and formation of
thymidine dimers which are repaired through a "long patch" nucleotide excision
repair pathway (83). The 'UV response' has been defined as the spectrum of
genetic changes in mammalian cells following irradiation with UV (or treatment
with other DNA damaging agents) including increased expression and
amplification of U V-responsive genes (82). Cellular responses to UV have been
divided into three phases: 1) primary interactions between the DNA damaging
agent and the cell; 2) signal transduction and molecular targeting; and 3)
long-lasting cellular consequences (82,84).

Several pieces of evidence support the hypothesis that DNA is the primary
target of the U V response. For example, induction of gene expression in XP skin
fibroblasts requires a much lower dose of UV than that required in normal skin
fibroblasts. Moreover, transfection of oxidant-damaged DNA into a cell elicits
the UV response (82,84).

Exposure to UV also causes activation of gene regulatory factors intrinsic to
cellular replication including transcription factors binding to UV-responsive
elements (URE) (82,84-87). Moreover. UV activates several transcription fac-
tors (i.e., AP-1 and NFkB) by post-translational modification (82,84).

UV radiation also induces a number of proto-oncogenes, including c-/os and
c-mvc in a variety of cell types (84,88,89). Since increases in mRNA expression
of c-/as have been reported in CHO cells after exposure to a number of
DN A-damaging agents, including U V radiation, increased c-/as expression may
be a general stress response of the cell (88). In addition to induction of certain
proto-oncogenes, UV stimulates levels of p53 cellular tumor antigen, a potent
transcription factor that also mediates arrest of the cell cycle at Gl (90,91).

Several DNA damage-inducible transcripts have been identified using sub-
tractive hybridization in mammalian cells following UV exposure (77). In CHO
cells, two of 20 sequenced clones matched known gene sequences identified as
metallothionein (MT) I and II. The induced transcripts could be separated into
two general classes: class 1 transcripts [induced specifically by UV irradiation
and N-acetoxy-2-acetylaminofluorine (AAAF)] and class 2 transcripts [induced
by UV irradiation, AAAF and methyl methanesulfonate (MMS)]. Many class 2
transcripts were also induced by H2O2 and various alkylating agents, but not by
heat shock, phorbol ester or DN A-damaging agents not producing high levels of
base damage. Induction of these DNA damage-inducible (DDI) transcripts is
most likely a direct response to DNA damage since induction is rapid and occurs
only after exposure to certain types of DNA damaging agents (77). In other
studies, MT I and MT II are rapidly and coordinate^ induced by UV (84,92,93)
but not by X-rays and H2O2 (92). Thus, MT induction appears to be fairly
specific to the U V response (92). The signals responsible for induction of class
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1 or 2 transcripts are unknown. Class 1 transcripts may be induced by helical
distortion or a step in the nucleotide excision repair pathway whereas class 2
transcripts may be induced by agents which induce high levels of base damage
in DNA (UV, MMS, AAAF, H2O2) and other alkylating agents (77).

In most cells, one effect of DNA damage is a transient inhibition of DNA
synthesis and arrest of cell growth (94). Several of the class 2 transcripts
expressed after UV exposure (77) encode transcripts increased by other growth
cessation signals (94). The genes encoding for these transcripts are designated
as gadd (growth arrest and DNA damage inducible) and may be coordinately
regulated. Gadd genes may represent part of a novel regulatory pathway in-
volved in the negative control of mammalian cell growth (94,95). Although
UV-mediated damage is associated with growth arrest and leads to induction of
growth arrest (gadd) transcripts, UV also paradoxically stimulates increased
expression and activity of ODC, an enzyme involved in proliferation (96-98).
ODC is a rate-limiting enzyme in the synthesis of polyamines, essential for
cellular division and growth (99).

Increased expression of various proteases, including collagenase and plas-
minogen activator (PA), have been demonstrated in a variety of cell types
following UV exposure (84,100,101). PA is induced by UV in human fibroblasts
deficient in repair of UV-induced DNA damage, but not in repair-proficient cells
(100,101). Inhibition of DNA repair potentiates UV-stimulated PA induction,
suggesting the importance of prolonged DNA damage in inducibility of PA
(101).

UV A (320-380 nm) radiation, H2O2, sodium arsenite, cadmium chloride and
menadione induce a 32 kD stress protein in human skin fibroblasts identified as
heme oxygenase (41,42,102). Heme oxygenase plays an essential role in heme
catabolism by cleaving heme to biliverdin which is subsequently converted to
bilirubin by biliverdin reductase (42). Bilirubin is an effective scavenger of
singlet oxygen and is able to react with O2 and peroxyl radicals. Moreover, when
bound to albumin, bilirubin can prevent oxidative damage to albumin and
prevent lipid peroxidation of albumin-bound fatty acids (42). Thus, induction of
heme oxygenase may constitute an important cellular defense mechanism
against oxidative damage.

A probable signal for induction of heme oxygenase appears to be modified or
reduced levels of GSH (42,103). Thus, induction of heme oxygenase may
contribute to cell defense provided by endogenous GSH against the cytotoxic
consequences of UV A and H2O2. Since induction of heme oxygenase and cell
death in human skin fibroblasts by these agents can be prevented by addition of
the iron chelators, o-phenanthroline or desferrioxamine, generation of OH' by
an iron-catalyzed Haber Weiss reaction is probably involved in both induction
of the stress response and cell killing (104). Agents which induce heme
oxygenase can be categorized as either oxidants and/or substances modifying
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cellular glutathione levels (105). High resolution two-dimensional gel
electrophoresis has also been used to study protein synthesis occurring after
exposure of human fibroblasts or keratinocytes to UV C (200-290 nm) or other
DNA damaging agents (79). UV, some alkylating agents, and chemical car-
cinogens induce synthesis of human major histocompatibility class-1 (MHC-1)
proteins. Thus, one possible consequence of induction of MHC-1 is targeting of
damaged cells for immune recognition and somatic cell selection (79). The
proinflammatory cytokine, interleukin-1 (IL-1), also is induced after exposure
of keratinocytes to UV (106).

In summary, DNA damage appears to be a critical event in governing
responses of cells to UV-induced damage. Certain genes affected by UV contain
regulatory elements (UREs) in their promoter region which control transcrip-
tion. Genes induced after UV exposure are diverse and appear related to both
increases in proliferation (protooncogenes, ODC) and arrest of cell growth
(gadd genes). Other genes (MT and heme oxygenase) may be associated with
antioxidant defense mechanisms or stimulation of immune responses.

Ionizing Radiation

Exposure to ionizing radiation leads to formation of OH as a result of homolytic
fission of oxygen-hydrogen bonds in water (10,62). The carcinogenic effects of
ionizing radiation may be mediated by base pair changes and frame shift
mutations (10). Accordingly, expression of several genes is altered in Syrian
hamster embryo cells following low doses of ionizing radiation (neutrons,
X-rays or gamma rays). Levels of (i-actin-specific mRNA decrease within 15
minutes after exposure, and a decrease in accumulation of ODC mRNA is
observed within 1 hour (107). Down-regulation of these genes may be as-
sociated with the arrest in DNA synthesis observed in fibroblasts and other cell
types following exposure to high doses of radiation (107,108).

Inhibition of replication after ionizing radiation may be mediated by a trans-
acting factor enabling cells to repair radiation damage (109). In this respect,
ionizing radiation and AOS-generating compounds cause the appearance of a 43
kD DNA binding protein in human cells which may function as a negative
regulator, reducing transcription of several genes (110).

The effect of ionizing radiation on transcription and c-/os gene expression has
been studied in normal and radiation-sensitive mice bearing an autosomal
recessive mutation and developing a disease similar to AT in humans (111).
Immediately after irradiation, total transcription and c-/os expression is
depressed in gut tissue of repair-proficient mice. However, transcription is
doubled and depression of c-/o.s mRNA is delayed in radiation-sensitive mice
suggesting abnormal regulation following exposure to ionizing radiation. A

26



trans-acting factor defective or absent in cells from radiation-sensitive mice may
be responsible for transcriptional inhibition in cells following radiation exposure
(108,110).

The proinflammatory cytokines, TNF and IL-1, are produced by a number of
different cell types in response to ionizing and UV radiation and other stimuli
(103,106,112-114). These cytokines activate inflammatory cells resulting in an
oxidative burst. In addition, TNF causes conversion of intracellular xanthine
dehydrogenase into xanthine oxidase thereby increasing the AOS-generating
ability of the cell (16.115). Cytotoxic effects of TNF are ameliorated under
anaerobic conditions and by antioxidants, and cell lines resistent to the cytotoxic
effects of TNF exhibit increased levels of antioxidants (115-117). A number of
transcription factors, including NFkB and AP-1 (c-/rw/c-yun), also are activated
after exposure to TNF. TNF also up-regulates expression of the #ro, c-/os, c-yufl
and c-myc oncogenes (115-117).

Recently, several investigators demonstrated that TNF, IL-1, and bacterial
lipopolysaccharide (LPS) selectively induce the mitochondrial enzyme,
MnSOD (118-122). MnSOD may be an important determinant of resistance to
TNF and mitochondrially generated O^, a key component of TNF-mediated cell
killing (118,119,123). The importance of MnSOD in defense against oxidative
stress has been shown in yeast mutant strains lacking MnSOD (124). In the
absence of oxygen, mutants grow as rapidly as wild type cells, but increasing
oxygen concentrations lead to growth inhibition. This study provides direct
evidence that MnSOD contributes to cellular protection from oxygen toxicity
(123).

Rats pretreated with TNF and IL-1 before exposure to hyperoxia show less
pulmonary injury and mortality in comparison to hyperoxia-exposed rats. This
adaptation to hyperoxic injury is associated with increased activity of an-
tioxidant enzymes in lung (125,126). In addition to MnSOD, TNF also up-regu-
lates expression of other genes (ferritin, MT) which might have protective
functions (115). On the other hand, TNF also can induce a program of self
destruction (apoptosis) involving DNA fragmentation (115). Thus, some
cytokines may cause either increases in antioxidant defense mechanisms or cell
killing.

Phorbol Ester Tumor Promoters

Phorbol ester compounds are powerful activators of O2 and H2O2 production in
phagocytes (7). These tumor promoters exert their biological effects by inducing
an altered program of gene expression involving activation of PKC and the
transcription factor, AP-1 (127-130).
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Modulation of gene expression in response to the potent tumor promoter,
12-O-tetradecanoyl phorbol-13-acetate (TPA), has been examined in normal
human fibroblasts after construction of cDNA libraries (93). cDNA clones were
found which code for a precursor form of the secreted protein XHF1, a product
of the collagenase gene (93,131). The sequence of another clone corresponded
in part with the sequence of the metallothionein Ha (MT II) gene. The use of
cycloheximide to examine the involvement of protein synthesis in the induction
of gene expression by TPA revealed that some genes (MT II) respond directly,
whereas activation of others (XHT1) requires protein synthesis (81,93).
: In mouse epidermis, application of TPA induces expression of several mRNA

species (132). Of 56 isolated cDNA clones, 32 were identical to MT I and II or
endogenous retroviral-like sequences (VL30). Immunohistochemistry and time
kinetic studies on mRNA levels in mouse epidermis showed that increases in
MT and VL30 mRNAs coincided in time with a TPA-induced transient block in
basal cell proliferation (132). However, increases in mRNA expression of C-/05
and ODC were observed at early time points.

Aside from the role of MTs in heavy metal detoxification, MTs maintain
cellular Zn** homeostasis and are thought to be indirectly involved in the
regulation of a variety of Zn^-dependent processes, e.g. transcription, DNA
replication, DNA repair and protein synthesis. Thus MT expression in mouse
epidermis after TPA treatment may be linked mechanistically with a transient
block in DNA synthesis as opposed to enhanced proliferation (132). In these
experiments, MT mRNA levels and immunoreactive protein return to control
levels after 24 hours, a timepoint when the epidermis undergoes proliferation.
mRNA levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in-
crease at times correlating with TPA-induced hyperproliferation. Thus, in-
creased GADPH expression is most likely associated with an enhanced rate of
cell proliferation (132).

Increased expression of proteases also occur in cells after TPA exposure
(133). Fibroblasts from patients with XP or AT show increased expression of
procollagenase and prostromelysin, extracellular matrix-degrading metal-
loproteinases. Altered expression of these proteases could play an important role
in the pathogenesis of tumors in individuals with these genetic diseases (133).
In summary, the increased expression of MT and proteases after exposure to
TPA mimic, in part, the patterns of cellular response observed after exposure of
various cell types to UV and ionizing radiation.

Hyperoxia

Cellular remodeling occurring in the lung in response to hyperoxic injury also
may be due to changes in gene expression resulting in the synthesis of new
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proteins. Subtractive hybridization of RNA from hyperoxic and control rabbit
lungs yields three hyperoxia-induced clones (76). One clone was identified as a
tissue inhibitor of metalloproteinases (TIMP), synthesized and secreted by a
variety of cell types including fibroblasts, macrophages and erythroid colony-
forming blood cells. The role of TIMP in the response to lung injury remains to
be elucidated, but may be important in remodeling of the extracellular matrix.
Other clones induced after hyperoxia were identified as MT II (134) and
surfactant protein A (sp-A) (135).

Exposure of rodents to hyperoxia for prolonged periods of time can be fatal,
dependent on the age of the animal and the exposure regimen. However,
pretreatment of adult rats with TNF and IL-1 prior to hyperoxia (>99%) causes
an adaptive response resulting in tolerance to subsequent high oxygen con-
centrations (125,126). This adaptive response, attributed to increased lung
antioxidant defenses, is also observed after pretreatment of rats with LPS (136),
sublethal levels of hyperoxia (137), normobaric or hypobaric hypoxia (138),
cadmium (139) or ozone (140). Transgenic mice overexpressing CuZnSOD
show decreased mortality after exposure to hyperoxia in comparison to control
animals (141). Increased survival was more pronounced in the young (2.5
months of age) animals compared to older (5.5 months of age) mice (141).
Moreover, administration of polyethylene glycol (PEG)-conjugated, or
liposome-encapsulated antioxidant enzymes to rodents or to lung cells /« v/Vro
protects against hyperoxia-induced toxicity (142-145). These observations may
be important in designing clinical strategies for prevention of pulmonary oxygen
toxicity. ««w«i..B3£fe Tseagagw&ij? • ••.m**

Studies examining regulation of antioxidant enzymes in cells of the lung after
exposure to hyperoxia demonstrate variable changes in gene expression, im-
munoreactive proteins and activities of antioxidant enzymes. Regulation is
complex and appears to be exerted at different levels (146). After 3 and 5 days
of exposure to 85% hyperoxia, adult rats show increased MnSOD mRNA levels
in lung which return to baseline levels by 14 days. No changes in CuZnSOD or
catalase mRNA levels are observed (147).

Discrepancies in documented responses of cells m vi/ro to hyperoxia may
occur because endogenous levels of certain antioxidant enzymes diminish after
cell isolation (148). Exposure of rat pulmonary epithelial or fibroblast cell lines
to hyperoxia for 24 hours has no effect on CuZnSOD or MnSOD mRNA levels
(122). Alternatively, increases in mRNA levels, protein and activity of
CuZnSOD, as well as increases in GPX mRNA levels and enzyme activity are
observed in human endothelial cells following hyperoxic exposure for 3 or 5
days (146). Although catalase mRNA increases, immunoreactive protein and
enzyme activity are decreased. Variable increases in MnSOD mRNA, but no
changes in MnSOD activity, are demonstrated revealing the complex nature of
regulation of antioxidant enymes following hyperoxic exposure.
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Recent reports also show increases in gene expression and activities of
antioxidant enzymes, including MnSOD and CuZnSOD in rat lungs after ozone
exposure (21,149), a reactive environmental pollutant which also generates
AOS.

Mineral Dusts

Occupational exposure to mineral dusts such as asbestos or silica can lead to a
variety of pulmonary disorders including malignant and nonmalignant disease
(150). Experimental studies indicate that AOS may act at various stages in the
pathogenesis of these diseases (13,151,152). For example, AOS can be
generated in the lung after encounter of phagocytic cells (macrophages and
neutrophils) with these minerals and consequent phagocytosis of particles.
These cells then undergo a respiratory burst that may be prolonged after ex-
posure to larger fibers or particles which are incompletely phagocytized
(13,153). Moreover, some fibrogenic minerals generate AOS by acellular
mechanisms. For example, asbestos fibers, many of which contain iron, generate
AOS at the surface in a Fenton-like reaction (154-156). Similarly, silica, espe-
cially when freshly ground, can release AOS catalysed by redox reactions on the
particle surface (157,158). t«?is:r*; =iUtoei*q̂

Evidence for a role for AOS in mineral dust-induced pulmonary toxicity and
disease stems from numerous studies (reviewed in 152). Cytotoxicity and lipid
peroxidation caused by asbestos or silica »n v/7ro can be prevented or diminished
by concomittent exposure to antioxidants (151, 159-161). Moreover, ad-
ministration of PEG-conjugated catalase to rats during inhalation of asbestos
ameliorates pulmonary toxicity, inflammation and the extent of pulmonary
fibrosis (162). Since AOS appear to be important mediators of asbestos or
silica-induced toxicity, we investigated the gene expression, protein and enzyme
activities of antioxidant enzymes in rat lungs after inhalation of the fibrogenic
dusts, crocidolite asbestos or cristobalite silica. These animal models of pul-
monary fibrosis show specific alterations in gene expression of antioxidant
enzymes which may involve post-translational modification (163). For example,
inhalation of crocidolite asbestos causes increases in steady-state mRNA levels
of MnSOD, catalase and GPX, increases in immunoreactive proteins, and
overall increases in enzyme activities. However, striking and more dramatic
increases in MnSOD mRNA and immunoreactive protein are observed after
inhalation of the silicon dioxide particle, cristobalite, although increases in
enzyme activity of total SOD (both MnSOD and CuZnSOD) are not observed
(163). Immunocytochemical localization of MnSOD reveals selective localiza-
tion in the mitochondria of type II epithelial cells, whereas, other cell types
exhibit little accumulation of MnSOD immunoreactive protein (164). Increased
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gene expression and protein levels of MnSOD in whole lung tissue is directly
related to the extent of lung inflammation in these models (163,164), an obser-
vation supporting the concept that MnSOD is a sensitive indicator of pulmonary
inflammation and lung injury.

Since TNF is causally implicated in the development of silicosis (165), and
this cytokine selectively induces mRNA expression of MnSOD in a number of
cell types, we also examined gene expression of TNF in the lungs of these
animals. Both crocidolite and cristobalite inhalation caused increases in steady
state mRNA levels of TNF in rat lung indicating that increases in MnSOD
mRNA levels might be mediated by TNF (166). «

Examination of human pleura! mesothelial cells, the progenitor cells of
mesothelioma m Wfro, shows that both crocidolite and chrysotile asbestos, as
well as the AOS-generating system, xanthine plus xanthine oxidase, cause
increases in mRNA levels of MnSOD and heme oxygenase whereas CuZnSOD
is unaffected (167). Moreover, comparative experiments using human lung
fibroblasts show similar but less striking induction of MnSOD and heme
oxygenase after exposure to these oxidant stresses (167). Interestingly, human
mesothelial cells are more sensitive than human lung fibroblasts to the cytotoxic
effects of asbestos or xanthine/xanthine oxidase indicating that increases in
antioxidant defenses in mesothelial cells are not sufficient to protect these cells
from asbestos-induced damage. »j ;- ? K; < ; m,y

The studies described above demonstrate that exposure to fibrogenic mineral
dusts causes increases in specific antioxidant enzymes, most notably MnSOD.
However, exposure to asbestos at nontoxic concentrations also results in in-
creased steady state mRNA levels of ODC, a marker of cell proliferation in rat
lung (168). Antioxidants can inhibit asbestos-induced ODC mRNA expression
and activity, indicating the importance of AOS in asbestos-induced ODC activa-
tion and cell replication (55). Asbestos also appears to cause cell proliferation
by persistent induction of c-ywn and/or c-/os protooncogenes and AP-1 DNA
binding activity in tracheal epithelial cells and pleural mesothelial cells (169).
Whether persistent induction of the early response gene pathway by asbestos is
mediated by AOS is currently under investigation.

Genetic Regulons Induced After Oxidative Stress

Genetic elements responsible for induction of proteins or enzymes after oxida-
tive stress in mammalian cells have not been well characterized. However, a
number of distinct regulons governing responses to oxidative stress have been
identified in bacterial cells (170-174). For example, the SoxR and OxyR
regulons are activated in bacteria after exposure to O2 and H2O2, respectively
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(170,171). A number of signaling molecules indicative of oxidative stress also
have been identified (175,176).

The aromatic hydrocarbon [Ah]-rcsponsive gene battery may represent a
coordinated response system to oxidative stress and DNA damage which
resembles the SOS response in bacteria (22). Several regulatory elements
referred to as aromatic hydrocarbon responsive elements (AhRE), xenobiotic
responsive elements (XRE), and antioxidant responsive elements (ARE), have
been identified in genes of the Ah family (22,177-179). More detailed analysis
of the ARE has shown that they are responsive to H2O2 and phenolic an-
tioxidants undergoing redox cycling. Thus, ARE could represent part of a signal
transduction pathway allowing eukaryotic cells to respond to oxidative stress
(180).

Proteins which bind to AhRE, XRE or ARE elements remain to be identified.
Some evidence exists that gene activation occurs after post-translational
modification of a protein constitutively bound to the ARE after interaction with
electrophilic or redox active compounds. These interactions may then lead to
altered conformation of the trans-acting protein and increased transcription of
the gene (179). T^v;v>*-W'«::«;H.>tb*, ii..i->ffc«̂ ::>,-;

Interestingly, a similar mechanism of gene activation following oxidative
stress has been characterized in bacteria. AOS, by altering the redox state of
constitutively bound OxyR protein, change its conformation and activate
transcription of H^CVinducible genes (170).

Studies using mice with deletion of a fragment of chromosome 7 indicate that
this portion of the chromosome contains regulatory elements modulating basal
and inducible expression of a number of genes located on other chromosomes
(22). A gene in the deleted portion of this chromosome might encode a trans-ac-
ting positive regulatory factor for induction of MT and other genes, as well as a
trans-acting negative regulatory factor (repressor) for induction of certain genes
of the Ah battery (22). Interestingly, three of the class II transcripts previously
identified after UV-induced DNA damage and gadd transcripts in CHO cells
(77,94) are also markedly elevated in these mice indicating some overlap of
these regulatory pathways (22). This missing region of mouse chromosome 7
may contain a master gene "switch" that responds to oxidative stress (22).

Another post-translational modification which could activate gene expression
is protein phosphorylation. For example, activation of PKC occurs after ex-
posure to various oxidants (TPA, asbestos, UV, ionizing radiation) (181,182).
The ability of PKC to activate the transcription factor, AP-1, demonstrates a
second messenger pathway leading directly to altered expression of distinct sets
of genes (82,183,184).

As discussed previously, several classes of DNA damage inducible (DDI) and
growth arrest and DNA damage inducible (gadd) genes have been identified.
Furthermore, genes induced by UV or TPA contain elements (UREs and TREs,
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respectively) which control expression of these genes (127,129,131). These
observations indicate the existence in mammalian cells of distinct genetic
elements involved in responses to oxidative stress. Undoubtedly, a finite number
of other regulons involved in responses to oxidant injury remain to be
elucidated.

Summary

A broad array of oxidative stresses modulates gene expression in a variety of
mammalian cells. One goal of this review was to characterize cellular responses
to oxidative injury, how these processes arc regulated, and the outcome for a
particular cell or tissue. Many genes induced in response to specific oxidant
stresses have been identified and include transcription factors, replication
proteins, proteases, protease inhibitors, proteins affecting cell proliferation and
various antioxidants, i.e. heme oxygenase, MT. and MnSOD. The latter enzyme
is induced after a number of cytokines and oxidant stresses including hyperoxia
and mineral dusts causing inflammation (118-120,147,163). Moreover, in-
creases in mRNA levels of TNF and IL-l, cytokines inducing MnSOD, are
observed after exposure to UV and ionizing radiation (106,113,183). Since
increased electron flow could lead to generation of more AOS within
mitochondria, increased levels of MnSOD might be necessary to maintain
normal functioning of the mitochondria after oxidative stress.

Alterations in cell growth are intrinsically related to the pathogenesis of many
diseases. Paradoxically, some of the responses of cells to oxidative stress reflect
cytotoxicity and cytostasis, whereas others result in increased cell proliferation.
For example, induction of gadd genes observed after oxidative stress is related
to growth arrest of cells (94), a response which might enable the cell to repair
oxidative damage prior to replication. This phenomenon might prevent fixation
of mutations associated with oxidative DNA damage. On the other hand,
increased mRNA expression and activity of ODC, observed after exposure of
cells to UV (96-98) or asbestos (55) is associated with increased cell prolifera-
tion. In addition, increased mRNA expression of cellular proto-oncogenes
observed after exposure to oxidants (185,186) could also be related to increased
DNA synthesis or proliferation.

Figure 5 provides a general scheme of cell responses to oxidative stress and
possible ramifications. AOS can react with a number of target molecules
including proteins, lipids, and DNA. These interactions elicit a number of
signals including activation of gene regulatory factors (transcription factors)
which in turn activate oxidative stress-responsive genes or regulons. Conse-
quently, a number of proteins are produced with distinctive functions including
DNA repair enzymes, antioxidants, proteases or protease inhibitors, cytokines
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and proteins affecting cell proliferation. These cellular responses to AOS can
lead to restoration of normal cellular function and adaptation to oxidative stress,
cell death or aberrant proliferation. It is the latter two responses which can lead
to a variety of disease states including cancer. The overall outcome of the
cellular response to oxidative stress is complex and might depend on the status
of cellular diffentiation and phase of the cell cycle and/or antioxidant content.

Expression of genes and synthesis of new proteins in response to oxidative
stress appear to be, for the most pan, cell- and tissue-specific (81). Subtractive
hybridization studies have yielded multiple cDNA clones encoding mRNA
transcripts which are either increased or induced after oxidative stress. Iden-
tification of these clones might improve our understanding of cellular responses
to oxidative stresses and their implications in repair of oxidative damage and
adaptation to injury.
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Introduction

Inhalation of mineral fibers or particulates results in their deposition in lung
tissue. The degree of penetration into the lung and the persistence of minerals
depend in part on the physico-chemical characteristics of these particulates. For
example, several types of asbestos fibers in the amphibole family (crocidolite)
persist for a number of years in the lung whereas others, such as chrysotile
asbestos fibers, are more degradable and disappear faster (Mossman et al.,
1990a). The differences in persistence in the lung may be due to elements such
as magnesium or silica which leach out of the fiber and result in dissociation.

Another important determinant affecting persistence of mineral fibers or
particulates within the lung relates to the ability of macrophages to engulf these
minerals during phagocytosis and their transport out of the lung via the bronchial
tree or the lymphatic system (Kamp et al., 1992). Due to the fibrous structure of
some minerals, phagocytosis is incomplete, causing the phenomenon of
'frustrated phagocytosis'. Figure 1 shows a macrophage attempting to engulf an
asbestos fiber. At high concentrations of fibers, this results in death of the
macrophage and renewed release of fibers into the lung. Moreover, at non-lethal
concentrations of fibers, the macrophage can be chronically activated thus
releasing a number of inflammatory mediators and active oxygen species (AOS)
(Farber et al., 1990, Mossman and Marsh, 1989, Freeman and Crapo, 1982). The
persistent accumulation of fibers in the lung, chronic activation of macrophages,
and accumulation of infammatory cells cause local tissue damage. Aberrant
repair of injury then results in collagen deposition leading to pulmonary fibrosis.
The type and extent of fibrosis depends on the type of mineral inhaled and the
site of its deposition within the lung (Mossman et al., 1990a). For example,
nodular areas of fibrosis are observed following inhalation of silica particulates
whereas a more diffuse pattern of fibrosis is caused by inhalation of asbestos
fibers.

In addition to fibrosis, two forms of malignant disease, arising from different
cell types are observed following exposure to asbestos. Bronchogenic car-
cinomas or lung cancer have been documented following occupational exposure
to asbestos. Additive or synergistic relationships between cigarette smoking and
asbestos exposure have been observed in workers (Mossman et al., 1990a). On
the other hand, malignant mesothelioma, arising from the pleura of the lung is
not associated with cigarette smoking. Evidence for development of lung cancer
following exposure to other mineral dusts is more controversial. Experimental
studies have demonstrated development of pulmonary malignancies in
laboratory animals following exposure to silica dusts (Craighead, 1992). How-
ever, epidemiological studies have not strengthened a cause and effect relation-
ship between silica exposure and lung cancer in humans (Craighead, 1992,
McDonald, 1989, Pairon et al., 1991). Studies examining the association be-
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tween exposure to mineral dusts and the development of lung cancer have been
complicated by the finding that one particular mineral in many cases appears to
be contaminated with other minerals. This increases the difficulty to relate
exposure to one specific mineral with the etiology of specific disease. For
example, amphibole asbestos fibers are sometimes found as contaminants of
commercially mined minerals including chrysotile, talc and vermiculite
(Mossman et al., 1990a).

Physico-chemical Characteristics Of Minerals Related To AOS Formation

Various investigators have shown that cell-free mineral preparations have the
capability to generate AOS (Eberhardt et al., 1985, Weitzman and Graceffa,
1984, Dalai et al., 1989, Fubini et al., 1989). A number of techniques are
available to measure AOS formation including electron spin resonance. The fact
that many AOS are very reactive and consequently unstable neccesitates the use
of chemical spin traps to generate a longer lived intermediate which can be
identified by its specific resonance pattern. Using these techniques, is has been
shown that different types of asbestos, including chrysotile, crocidolite and
amosite asbestos can generate hydroxyl radical (OH) in the presence of
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hydrogen peroxide (Eberhardt et al., 1985, Weitzman and Graceffa, 1984,
Zalma et al., 1987). Transition metals present on many minerals, but most
notably on crocidolite asbestos, drive a reaction known as the Fenton (modified
Haber Weiss reaction) and results in OH formation. The importance of iron in
this process is demonstrated by studies using the iron chelator, desferoxamine,
which stabilizes iron and consequently inhibits the formation of OH' (Kamp et
al., 1992). The ability to generate AOS in an aqueous solution is a property
which is not specific to asbestiform fibers, for some other mineral fibers
including glass fibers have this ability as well (Gulumian and van Wyk, 1987).
AOS production by minerals appears to be directly related to the amount of
available iron present on the fibers. Fresh grinding or crushing of the fiber makes
more iron available and consequently enhances OH* formation. In addition to
mineral fibers, a number of non-fibrous mineral dusts generate AOS in aqueous
solutions. For instance, ESR-spectroscopy revealed that freshly ground
anthracite coal generates AOS (Dalai et al., 1989b). Nickel or copper arsenides,
present in metal mines or industrial sites, form AOS (Costa et al., 1989).
Grinding of silica cleaves bonds in a silica tetrahydral lattice generating free
radical sites on the surface of silica particles. ESR spectroscopy has shown
formation of SiO- and Si* radicals from freshly ground silica and indicated OH-
formation upon reaction of silicon-based surface radicals with water (Dalai et
al., 1989, Fubini et al., 1989, Castranova et al., 1989).

Formation And Detoxification Of AOS By Cells

In addition to the intrinsic ability of mineral dusts to generate AOS, these species
are also formed as a consequence of encounter of target cells with mineral dusts.
As mentioned above, during phagocytosis of fibers by pulmonary macrophages
or polymorphonuclear leukocytes (PMN), a membrane bound NADPH-oxidase
is activated and causes formation of a realm of AOS (Mossman et al., 1987,
Mossman and Marsh, 1991). The pathway of AOS formation is shown in Figure
2. However, other processes activated within the cells can also cause AOS
formation. For instance, release of the cytokine tumor necrosis factor (TNF)
after exposure to mineral dusts, including asbestos and silica (Dubois et al.,
1989), is also thought to cause oxidative stress (Larrick and Wright, 1990,
Vilcek and Lee, 1991). Activation of the enzyme xanthine oxidase, observed
after a number of stresses, is another source of AOS formation within cells
(Friedl et al., 1989, Till et al., 1991).

Mammalian cells have an elaborate system of enzymatic and non-enzymatic
antioxidants which scavenge AOS (Farber et al., 1990, Sun, 1990, Heffner and
Repine, 1991). The functions of some antioxidant enzymes are outlined in figure
2. Mammalian cells contain 3 different superoxide dismutases (SOD) which
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convert superoxide anion (CJJ) into H2O2, a non-radical intermediate. Two
SODs contain Cu and Zn; CuZnSOD, localized within peroxisomes (Keller et
al., 1991) and extracellular superoxide dismutase (ECSOD) present in the
extracellular milieu of cells (Marklund, 1984). The third form of SOD contains
Mn (MnSOD) and is situated in mitochondria (Wispe et al., 1989). Both catalase
and glutathione peroxidase (GPX) are enzymes converting H2O2 into H2O.
These enzymatic antioxidants are complemented by a number of non-enzymatic
factors including glutathione, vitamins C and E, albumin, ceruloplasmin and
uric acid (Heffner and Repine, 1989). Normally, a balance exists between
formation of AOS and antioxidant defenses. However, oxidant-induced damage
might ensue after excessive production of oxidants or deficient functioning of
the antioxidant system (Farber et al., 1990).

Our laboratory has been investigating responses of cells after exposure to
various mineral dusts. We have focused on: i) production of AOS following
exposure to mineral dusts; ii) alteration of antioxidant defenses following
mineral exposure and; iii) implications of these processes in cell or tissue
damage, proliferation, and carcinogenesis.

Formation Of AOS After Exposure To Mineral Dusts

A number of investigators have focused on generation of AOS following
exposure of cells or tissues to mineral dusts. Approaches have been used in these
studies include reduction of cytochrome c to measure O2 , phenol-red horse-
radish peroxidase to measure H2O2, and chemiluminescence techniques.
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Results of experiments measuring extracellular AOS formation by cells
following exposure to mineral dusts have been summarized in a recent review
(Kamp et al., 1992). A number of different cell types from human or animal
origins have been used including alveolar macrophages (AM), peritoneal mac-
rophages (PM), and PMN, to measure AOS production following in vitro
exposure to mineral dusts. Some investigators have measured AOS formation in
lavaged cells of healthy individuals exposed to mineral dusts, or in workers with
occupational lung disease caused by exposure to minerals (Kamp et al., 1992).
In some studies, AOS formation following mineral dust exposure could be
correlated with cytotoxicity whereas in other cases this correlation was not
evident.

The fibrous nature of asbestos is important in triggering O2 release from
inflammatory cells. We previously demonstrated that non-fibrous particles such
as riebeckite, mordenite and glass are significantly less active in O2 formation
by AM than the chemically identical fibers; crocidolite, erionite and code-100
fiberglass, respectively (Hansen and Mossman, 1987).

Measurement of products of lipid peroxidation is another approach used by
several laboratories to demonstrate involvement of AOS in mineral dust-in-
duced toxicity. Lipid peroxidation has been demonstrated following mineral
exposure in inflammatory cells, and whole lungs of laboratory animals (Kamp
et al., 1992, Petruska et al., 1990). Measurement of products of lipid peroxida-
tion in urine of workers exposed to asbestos or silica show increased levels of
thiobarbituric acid- reactive material, indicating the involvement of AOS fol-
lowing occupational exposure to these minerals (Kamal et al., 1989).

Other studies addressing the involvement of AOS in mineral dust-induced cell
or tissue damage have used scavengers of AOS. For example, our laboratory has
demonstrated that cytotoxicity in rat lung fibroblasts, hamster trachea! epithelial
(HTE) cells or AM induced by asbestos could be ameliorated or prevented by
concomittant exposure to antioxidants (Mossman et al., 1986, Mossman and
Marsh, 1989, Mossman and Marsh, 1991, Shatos et al., 1987). Similarly,
silica-induced cell death was decreased by glutatione or glutathione precursors
(Voisin et al., 1987). More importantly, systemic administration of polyethylene
glycol-conjugated catalase in rats during inhalation of crocidolite asbestos
reduced pulmonary inflammation, injury and fibrosis normally observed follow-
ing asbestos inhalation (Mossman et al., 1990b).

Alteration Of Antioxidant Defenses After Mineral Dust Exposure

Following exposure to AOS, cells might alter their antioxidant defenses in order
to prevent AOS mediated damage. We hypothesized that exposure to mineral
dusts causing formation of AOS gives rise to alterations in antioxidant enzymes.
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In order to address this hypothesis we examined antioxidant enzymes in vitro
using different target cells of mineral dust-induced disease, in rat lungs, and in
workers exposed to mineral dusts.

One technique being used in our laboratory to study regulation of antioxidant
enzymes following exposure to AOS or mineral dusts is Northern blot analysis
to determine gene expression of different antioxidant enzymes. In this techni-
que, total RNA is extracted from cells or lung tissue, electrophoresed and
transferred onto nitrocellulose filters and hybridized with [^Pj-labeled cDNA
probes encoding antioxidant enzyme genes (Sambrook et al., 1989). With this
technique we demonstrated differential gene regulation of antioxidant enzymes
in H i t cells following exposure to H2O2 or the AOS-generating system xan-
thine plus xanthine oxidase (X/XO). X/XO treatment of cells lead to increased
gene expression of MnSOD, whereas exposure of cells to HJOJ caused increases
in mRNA levels of catalase, and increased expression of glutathione peroxidase
and MnSOD to a lesser extent (Shull et al., 1991).

In recent studies, we examined oxidant stress responses in human adult lung
fibroblasts (HAL) and human pleural mesothelial cells (HMC) following ex-
posure to asbestos or X/XO (Janssen et al., 1992a). Results of these studies show
that HMC respond to asbestos or X/XO with increases in mRNA levels of
MnSOD. In addition, X/XO or asbestos caused increased gene expression of
heme oxygenase (HO)(Janssen et al., 1992a), an enzyme induced in mammalian
cells following oxidative stress and implicated in cell defense against AOS
(Applegate et al., 1991, Keyse and Tyrrell., 1989). In HAL cells crocidolite
asbestos caused increases in mRNA levels of HO whereas MnSOD gene
expression remained unaltered (Janssen et al., 1992a). Figure 3 shows mRNA
levels of MnSOD and HO in HMC cells following exposure to crocidolite
asbestos or X/XO. Crocidolite or X/XO cause increased in gene expression of
MnSOD and HO in HMC cells whereas addition of polystyrene beads, a
negative paniculate control, failed to alter mRNA levels of these enzymes. HMC
cells are more sensitive to the cytotoxic effects of asbestos or X/XO in com-
parison to HAL cells. These initial studies suggest that HMC cells are not
compromised in their ability to increase antioxidant defenses following ex-
posure to AOS or mineral dusts.

In addition, we investigated antioxidant enzymes in rat lung after inhalation
of crocidolite asbestos or cristobalite silica (Janssen et al., 1992b). In croci-
dolite-exposed rat lungs we observed increased gene expression of MnSOD,
GPX, and catalase, increased MnSOD protein levels and increased enzyme
activities of total SOD, catalase and GPX. In contrast, cristobalite caused
striking increases in MnSOD mRNA and protein levels whereas gene expres-
sion of other antioxidant enzymes remained unaltered. In addition, no alterations
in activities of SOD, catalase or GPX were observed. These results indicate
distinct mechanisms of regulation of antioxidant enzymes following inhalation
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of crocidolite or cristobalite (Janssen et al., 1992b). Figure 4 shows MnSOD
mRNA levels in rat lung after 9 days of inhalation of crocidolite asbestos or
cristobalite silica, a timepoint where we observe increased gene expression of
MnSOD. Both minerals caused increases in MnSOD mRNA levels in lung,
although more striking increases were observed following cristobalite exposure.
Using immunocytochemistry, we showed that MnSOD protein was localized
predominantly in mitochondria of type II pneumocytes. Quantitative increases
in MnSOD protein were apparent in type II cells following inhalation of
crocidolite or cristobalite, which correlated with overall increases in MnSOD
immunoreactive protein in whole lung (Holley ct al., 1992).

Several investigators have demonstrated induction of MnSOD gene expres-
sion after exposure to bacterial endotoxin (LPS), tumor necrosis factor (TNF) or
interleukin 1 (IL-l)(Wong and Goedel, 1988, Masudaet al., 1988, Shaffer ct al.,
1990). TNF and IL-1 are released by inflammatory cells after in vitro exposure
to asbestos or silica (Dubois et al., 1989, Driscoll et al., 1989). Therefore, TNF
could mediate increases in gene expression and protein levels of MnSOD that
we observe in rats following exposure to asbestos or silica (Driscoll et al., 1992).

Studies examining workers exposed to silica-containing dusts including coal
mine dust, have revealed alterations of antioxidant defenses in peripheral blood.
For example, activities of some antioxidant enzymes were correlated in red
blood cells of coal workers with radiological abnormalities, but not in control
workers. Furthermore glutatione levels were decreased in individuals with early
stages of coal workers' pneumoconiosis, but were increased in patients with
progressive massive fibrosis (Borm et al., 1986, Engelen et al., 1990).

In summary, these studies reveal specific alterations of some components of
the antioxidant defense system following exposure to mineral dusts in vitro in
isolated cell systems, in rat lungs, and in workers exposed to mineral dusts.
Increases in antioxidants could reflect an adaptation to mineral dust-induced
oxidant stress. However, in our rapid onset inhalation models of asbestosis, rats
develop acute pulmonary damage and a diffuse fibrosis subsequently, despite
increases in antioxidant defenses. This might indicate that increases in an-
tioxidant defenses are insufficient to protect the rats from disease, at the high
airborne concentrations of minerals applied in our model (7-10 mg/m^ air) and
generally used by others.

Involvement Of Aos In Proliferation Induced By Asbestos

In addition to altering antioxidant defenses, mineral dusts cause proliferative
alterations in pulmonary target cells of asbestos-induced disease. Our laboratory
has focused on omithine decarboxylase (ODC), a rate limiting enzyme in
polyamine synthesis which is essential for cell division (Gilmour et al., 1987,
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O'Brien, 1976). Tumor promoters will induce ODC enzyme activity, and
therefore ODC enzyme induction may be linked to tumor promotion (Marsh and
Mossman, 1991). Initial studies showed that the fibrous nature of asbestos fibers
is critical in augmenting ODC activity in HTE cells (Marsh and Mossman,
1988). In addition to asbestos, glass fibers were also potent inducers of ODC
activity. Exposure of HTE cells to X/XO also caused increases in ODC mRNA
and enzyme activity, showing that AOS have the ability to induce ODC (Marsh
and Mossman, 1991). Recent studies showed that antioxidant enzymes could
diminish asbestos-induced ODC mRNA levels and enzyme activity, indicating
that AOS mediate ODC induction by asbestos (Marsh and Mossman, 1991).
Figure 5 shows a Northern blot of ODC mRNA levels in rat lung following 9
days of inhalation of asbestos or silica. Inhalation of either mineral results in
increased mRNA levels of ODC in lung. These findings indicate that prolifera-
tive changes occur in lung following inhalation of these mineral dusts presumab-
ly by oxidant-dependent mechanisms.

—loo

Sham Crocidolite Cristobalite

Figure 5 /Vorf/iern Mof o/ODC in rar fang a/rer 9 da>i o/in/ia/a/ion o/crocido/jfe asftes/ar
or CTj'ifoAa//Vc 5i7/ta, fcof/i af 7-70 mg/zn̂  a/r. /nAa/afion o/iToa'do/ite or crafofai/ifi causes

Summary And Conclusions

A causal role of AOS in the etiology of asbestos-induced lung disease has been
demonstrated by our laboratory (Mossman and Marsh, 1989, Shatos et al., 1987,
Mossman et al., 1990b). AOS are generated by acellular mechanisms, driven by
transition metals on the fibers, and by inflammatory cells following phago-
cytosis of fibers within the lung. AOS cause a multitude of effects. They damage
a number of macromolecules, including proteins, lipids, and DNA. In addition,
they alter genetic processes affecting expression of genes with differing func-
tions. We have shown that gene expression of antioxidant enzymes is augmented
following exposure to mineral dusts, including asbestos and silica in rat lung, as



well as in HMC cells in vitro following exposure to asbestos. These increases in
antioxidant defenses can be regarded as a reaction to mineral dust-induced
oxidative stress which might lead to adaptation to subsequent oxidative injury.

Aside from their ability to induce antioxidant defenses, mineral dusts at low
doses also have proliferative effects in cells in vitro and in whole lung. We have
shown that ODC, an enzyme intrinsic to cell proliferation, is increased in rat
lung following inhalation of asbestos or silica, and in vitro in HTE cells after
exposure to asbestos. Evidence for the involvement of AOS in these responses
was obtained from studies in our laboratory showing that antioxidants could
ameliorate increases in ODC gene expression and activity induced by asbestos
in HTE cells (Marsh and Mossman, 1991). The balance between increases in
antioxidant defenses versus increases in proliferation could be an important
determinant of the effects of certain mineral dusts on the lung and the develop-
ment of disease, u . , / j , .',,-. . . .;.".

Clearly, AOS are not the only factors mediating pulmonary effects of mineral
dusts, but part of a cascade of processes triggered within the lung following
inhalation of minerals. A number of cytokines or growth factors arc generated
in the lung along with AOS following mineral deposition, some of which have
profound effects on disease processes elicited in the lung (Mossman et al.,
1990a, Piquet et al., 1990). However our laboratory has focused on AOS as
"second messengers" of asbestos-induced toxicity and has demonstrated both in
vitro and in vivo that these species are critical to the development of asbestos-
induced pulmonary damage, fibrosis, and cell proliferation driven by asbestos
fibers (Mossman and Marsh, 1991). More studies are needed to acertain the role
of AOS in pulmonary effects caused by other mineral dusts.
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Summary

Several studies indicate that active oxygen species (AOS) play an important role
in the development of pulmonary disease (asbestosis and silicosis) after ex-
posure to mineral dusts. The present study was conducted to determine if inhaled
fibrogenic minerals induced changes in gene expression and activities of an-
tioxidant enzymes (AOE) in rat lung. Two different fibrogenic minerals were
compared, crocidolite, an amphibole asbestos fiber, and cristobalite, a crystal-
line silicon dioxide particle. Steady-state mRNA levels, immunoreactive protein
and activities of selected AOE were measured in lungs 1-10 days after initiation
of exposure and at 14 days after cessation of a 10 day exposure period. Exposure
to asbestos resulted in significant increases in steady- state mRNA levels of
manganese- containing superoxide dismutase (MnSOD) at 3 and 9 days and of
glutathione peroxidase (GPX) at 6 and 9 days. An increase in steady-state
mRNA levels of copper, zinc-containing superoxide dismutase (CuZnSOD) was
observed at 6 days. Exposure to asbestos also resulted in overall increased
enzyme activities of catalase, GPX and total SOD in lung. In contrast, silica
caused a dramatic increase in steady-state levels of MnSOD mRNA at all time
periods and an increase in GPX mRNA levels at 9 days. Activities of AOE
remained unchanged in silica-exposed lungs. In both models, increases in gene
expression of MnSOD correlated with increased amounts of MnSOD im-
munoreactive protein in lung and the pattern and extent of inflammation. These
data indicate that the profiles of AOE are dissimilar during the development of
experimental asbestosis or silicosis and suggest different mechanisms of lung
defense in response to these minerals.

Introduction

Active oxygen species (AOS) may play a key role in the initial lung response to
asbestos and silica (1-3). AOS can be catalyzed directly by redox reactions
occuring on the surfaces of both mineral dusts (4-8). Moreover, both minerals
are phagocytized by alveolar macrophages (AMs) and cause a respiratory burst
characterized by release of AOS (reviewed in 9). Chemotactic and fibrogenic
mediators are also liberated from these cells in a cascading process culminating
in pulmonary fibrosis (reviewed in 10).

Both I/I v/fro and I/I v/vo experiments indicate a causal relationship between
AOS and the development of mineral-induced cell damage, inflammation and
pulmonary fibrosis. Cytotoxicity induced by various types of asbestos or silica
in in v/rro systems is decreased after addition of antioxidants (3,11-15). More-
over, the addition of oxidant generating systems to lung fibroblasts (16) and
trachea! epithelial cells (17) m vifro results in alterations in cell differentiation
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and proliferation which might be important in the pathogenesis of disease. For
example, addition of crocidolite asbestos or xanthine plus xanthine oxidase, a
generating system producing a spectrum of AOS, to normal rat lung fibroblasts,
causes increases in total cell-associated collagen (16). Both xanthine plus xun-
thine oxidase (17) and hydrogen peroxide (H2O2) (18) cause hyperplasia and
squamous metaplasia in hamster tracheal epithelium. Continuous administration
of polyethylene glycol (PEG)-conjugated catalase ameliorates pulmonary in-
jury, inflammation and fibrosis in rat lung after inhalation of crocidolite asbes-
tos, an observation confirming the importance of AOS in asbestosis (1).

The lung is equipped with an elaborate defense system of antioxidant en-
zymes (AOE), sulfhydryl-containing molecules and naturally occurring
scavengers of AOS (ceruloplasmin, vitamin E, etc.) occurring in different
compartments of the lung. Pulmonary injury might ensue when the oxidant-an-
tioxidant balance is disturbed either by increased oxidant stress or by abnormal
functioning of the antioxidant system (19-21).

Little information is available in the scientific literature on the localization or
regulation of AOE in lungs after exposure to pathogenic particulates. In earlier
studies, we showed that inhalation of crocidolite asbestos caused an increase in
steady-state mRNA levels of MnSOD in rat lung (22). Moreover, activities of
total SOD, catalase and GPX were increased in rat lung after exposure to
asbestos (23) . >•» *i';>6«* .J-TI < " » • , , ,*/ -< , ^ , i - < f < i , . *• 1 *. «> ' '

Most recently, we examined steady-state mRNA levels of MnSOD in a
tracheal epithelial cell line after exposure to H2O2 or xanthine and xanthine
oxidase (24). The latter generating system of AOS caused increased gene
expression of MnSOD while steady-state levels of CuZnSOD, catalase and GPX
remained unchanged. The present study was conducted to determine if inhala-
tion of cristobalite, a crystalline silicon dioxide particle (defined as a <3:1 length
to diameter ratio) or crocidolite, an amphibole asbestos fiber (> 3:1 ratio),
induced changes in steady-state mRNA levels, immunoreactive protein and
activities of certain AOE (MnSOD, copper zinc-SOD [CuZnSOD], GPX, and
catalase) in lung. Furthermore we were interested in whether changes in AOE
profiles would correlate with patterns of inflammation, pulmonary injury and
fibrosis in rodent inhalation models of disease.

Materials And Methods

Male Fischer 344 rats, weighing 200-250 grams were exposed to
National Institute of Environmental Health Sciences crocidolite asbestos (7-10
mg/m^ air) or a-cristobalite (7-10 mg/rn^ air; C & E Mineral Corp., King of
Prussia, PA) for 6 hr/day, 5 days/week for 10 days as described previously (1).
The mass median aerodynamic diameters were determined using an eight stage



Sierra Impactor (Sierra instruments, Carmel Valley, CA). The mass median
aerodynamic diameters (± geometric standard deviation) were 0.8 ± 3.5 |im for
crocidolite and 1.5 ± 2.6 u.m for cristobalite. Asbestos fibers were generated
using a modified Timbrell dust generator (25) while cristobalite was aerosolized
using a Wright dust feeder (26). Sham control animals were placed in dust-free
chambers and handled identically.

Catalase was purchased from Worthington Biochemical Co. (St.
Louis, MO), superoxide dismutase (bovine copper-zinc) from Data Diagnostics,
Inc. (Mountain View, CA), pentobarbital from Fort Dodge Laboratories, Inc.
(Fort Dodge, IA). Phenol was obtained from Anachemia (Rouses Point, NY),
chloroform from Fisher, [a-^P]dATP (3,000Ci/mmol) from Dupont-New
England Nuclear, ' " I (16mCi/u,g) from Amersham Corp. Ca**Mg^ free phos-
phate buffered saline (CMFPBS) and prestained, low range, protein molecular
weight standards from GIBCO. Biorad dye reagent, acrylamide, bis, ammonium
persulfate, TEMED, tris, glycine, horseradish peroxidase color development
reagent, Tween-20, and Coomassie blue stain were obtained from Bio-Rad. All
other chemicals were obtained from Sigma.

5.' After 1, 3, 6 and 9 days of exposure and at 14 days after
cessation of a 10 day exposure to crocidolite or cristobalite, rats (n = 4/exposure
group/time period/experiment) were anaesthetized with a lethal intraperitoneal
injection of pentobarbital, the chest was opened, and the lungs were perfused
with heparinized CMFPBS via the pulmonary artery until the lungs appeared
white. The left lung was clamped off with a hemostat and removed for AOE
activity assays. Subsequently, the trachea was exposed and cannulated with a
22-gauge needle covered with plastic tubing, and the right lobes were lavaged
with CMFPBS ( 5 x 4 ml) by gently massaging the chest. After lavage, lungs
were flash frozen in liquid nitrogen and stored at -70°C for Northern and
Western blot analyses.

Wof a/ia/yjis; Total RNA was extracted from lung tissues according
to the procedure of Chomczynski and Sacchi (27). Purity and concentration were
determined by measuring UV absorbances at 260 and 280 nm. Fifteen u.g of total
RNA was denatured and fractionated by electrophoresis on a 1.0% agarose-for-
maldehyde gel. After UV examination of RNA migration, RNA was transferred
onto nitrocellulose filters (Schleicher and Shuell) and subsequently baked in a
vacuum oven for 2 hours at 80°C. Blots were hybridized (50% deionized
formamide, 5X SSC, 5X Denhardt's solution, 50 u.g/ml Salmon testes DNA,
0.1% sodium dodecyl sulfate) with a- ^P-labeled cDNA probes overnight at
42°C (28). cDNAs were radiolabeled according to Feinberg and Vogelstein (29)
using a Prime-a-Gene labeling system (Promega, Madison, WI). Blots were
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washed and visualized by exposure to Kodak X-Omat AR film (Rochester, NY)
at -70°C using intensifying screens. In addition, radioactivity on blots was
directly quantitated using a Betascope blot analyzer (Betagen Corp., Waltham,
MA). For quantitation of MnSOD mRNA, the ~ 1-kilobase mRNA species was
scanned (see below). Rat MnSOD and CuZnSOD cDN A probes were generous-
ly provided by Y.-S Ho, Duke University, Durham, NC (30.31). A rat catalase
cDNA probe was obtained from S. Furata, Shinshu University School of
Medicine, Matsumoto, Japan (32), and a mouse GPX probe from G. Mullen-
bach, Chiron Corp, Emeryville, CA (36). A probe for 28 S ribosomal RNA,
obtained from Dr. K. Cutroneo, Dept of Biochemistry, University of Vermont,
Burlington, VT was used as a loading control. " ^* ' *• -

enzyme ac/ivirie?: The left lungs were minced and homogenized in
phosphate buffer (0.05 M, 1 mM EDTA, pH 7.8) on ice using a Polytron
apparatus (Brinkman, Westbury, NY) (2 x 60 seconds at the highest speed) and
centrifuged at 14,000 rpm (4°C). Protein content of lung homogenates was
assessed according to the procedure of Bradford (34). Small aliquots of
homogenized left lung were stored at -70°C until AOE assays were performed.
AOE activity analyses were performed as described previously (23). Enzyme
activities were expressed per mg protein. Experiments were performed in
duplicate (cristobalite) or triplicate (crocidolite), and results of pooled experi-
ments were expressed as a percentage of values found in sham control rats.

Wor ana/ys/s; The enzyme activity assay for SOD used here does not
distinguish between MnSOD and CuZnSOD activity. Therefore, Western blot
analysis was performed to determine whether or not mRNA levels of MnSOD
or CuZnSOD correlated with respective immunoreactive protein. Small aliquots
of lung tissue were homogenized as described above. Supernatants were stored
at -70°C. Prior to electrophoresis, samples were lyophilized and reconstituted in
electrophoresis sample buffer and electrophoresed in 15% sodium dodecyl
sulfate-polyacrylamide gels as described previously (35). After electrophoresis,
proteins were transferred onto nitrocellulose using a semidry electroblotter
(Kirkegaard and Perry, Gaithersburg, MD). Blots were stored at 4°C in PBS
until analysis. Nonspecific binding was blocked by incubating blots for 30
minutes in PBS-Tween (.05%). Subsequently, blots were incubated with
primary antibody for 1 hour. Anti- human kidney MnSOD antibody was
generously provided by Dr. L.W.Oberley, University of Iowa, Iowa City, IA
(36), and anti-rat CuZnSOD was obtained from Dr. D. M. Massaro, Georgetown
University, Washington, DC (37). Blots were washed with PBS-Tween ( 3 x 4
minutes) and incubated with a biotinylated secondary antibody (Vector
laboratories, Burlingame CA). Protein bands were visualized with the avidin-
biotin peroxidase system according to the manufacturer (Vector laboratories,
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Burlingame, CA). After protein transfer, gels were stained with Coomassie blue
stain to assess loading homogeneity. In order to quantkate Western blots,
unconjugated secondary antibody (Vector Laboratories, Burlingame, CA) was
labeled with '^1 to a specific activity of 6-7 nCi/ng according to the Iodogen
method (38). Purified MnSOD (chicken liver, provided by Dr. L. W. Oberley,
University of Iowa, Iowa City, LA) was included in each gel as a standard. Lung
proteins (20 (ig/lane) and purified MnSOD were electrophoresed and transferred
as described above. Blots were incubated with primary antibodies, washed with
PBS-tween and subsequently incubated with '^I-conjugated secondary an-
tibodies for 1 hour. Blots were washed with PBS-tween (3 X 30 minutes), air
dried and exposed to Kodak X-Omat AR film at room temperature. Bands were
cut out of the nitrocellulose blots, and their '*'l content was counted in a gamma
counter (Micromedic Inc., Horsham, PA). Amounts of AOE protein in lung
samples were determined from comparison with AOE standards. ... <: ;,

ami to/a/ ce// COM/JW J'/I ftro/jc/ioa/veo/ar /avage (flAL): Lavaged
cells from right lung lobes were centrifuged at 1500 rpm for 10 minutes at 4°C,
and cells were counted using a hemocytometer. Cytospin slides were prepared
using a cytospin apparatus (Shandon, Swickely, PA) and stained with May
Grunwald and Giemsa stains as described previously (1). Differential cell counts
were obtained by counting at least 500 cells/slide on 2 slides/animal. >;;..a-i

i/utfces o/pu/monary damage m flAL: In separate experiments
using the same exposure regimen, pulmonary damage and indicators of pul-
monary fibrosis were assessed in additional rats (n = 4/exposure group/time
period) after 5 and 10 days of exposure and at 1 month after cessation of
exposure. BAL was performed as described above, and cells were centrifuged
at 1500 rpm for 10 minutes at 4°C. Cell-free supernatants from BAL then were
assayed immediately for lactate dehydrogenase (LDH) (39) and alkaline phos-
phatase (40). Protein was determined in cell-free BAL fluids (34) which were
stored at -20°C until analysis.

«YW«: The upper lobe of the right lung was removed for
analysis of hydroxyproline as reported previously (1,41).

anafysrs: All results were evaluated with one-way analysis of
variance with correction for multiple comparisons (Duncan's procedure). Pear-
sons correlations were computed in order to determine whether the extent of the
inflammatory response (cell totals and differentials in BAL) of all groups
combined correlated with steady-state mRNA levels of MnSOD.
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Results

O/J4C>£: Steady-state mRNA levels of AOE in rat lung alter
exposure to mineral dusts are shown in Figure 1. Since results in Figure 1 are
expressed as percentages of sham controls. Table I is provided to illustrate actual
control values (cpm) at individual time periods. Inhalation of asbestos caused
significant increases in GPX and MnSOD mRNA levels in rat lung when
compared to sham controls at various timepoints during exposure. A slight but
statistically significant increase in CuZnSOD mRNA expression also was ob-
served after 6 days of exposure to asbestos. Catalase mRNA expression in lung
remained unaffected or was decreased after inhalation of asbestos.

The patterns of steady-state mRNA expression of AOE in lung were different
after inhalation of silica. As shown in Figure 1, inhalation of silica caused
dramatic increases in MnSOD mRNA levels at all time points. MnSOD mRNA
levels also remained elevated after cessation of exposure. Gene expression of
other AOE after exposure to silica were variable. In general, no striking changes
in steady- state mRNA levels of other AOE were observed in silica-exposed rats.
However, a significant increase in GPX mRNA levels was observed after 9 days
of exposure whereas expression of CuZnSOD was significantly decreased at 14
days after cessation of exposure.

Acfivify o/AOE: Four individual inhalation experiments were conducted to
assess AOE activity following exposure to silica or asbestos. Two experiments
included sham and asbestos-exposed rats, one included sham and silica-exposed
rats, and one included sham, silica and asbestos-exposed rats. Combined results
from all experiments are shown in Figure 2. Data from individual experiments
were analyzed separately because of significant inter-experimental variability.
Thus, significant values are not presented in Figure 2, but discussed below. GPX
activities in asbestos-exposed rat lungs were significantly elevated (p <0.05) in
all experiments, with the greatest differences at days 9 and 14 days post
exposure. Total SOD activity was significantly elevated (p <0.05) in asbestos-
exposed rats in one experiment, whereas catalase activity was elevated sig-
nificantly (p <0.05) in two experiments. No increases in activities of AOE were
observed after inhalation of cristobalite silica.

and western Wof ana/vsey: Western blot analysis was used to deter-
mine if steady-state levels of mRNA correlated with amounts of immunoreac-
tive proteins. Figure 3 shows Northern and Western blots of MnSOD and
CuZnSOD in rat lungs after 9 days of exposure to mineral dusts. This was the
timepoint at which increases in MnSOD mRNA expression occurred in both
inhalation models. We observed that at least 5 species of mRNA for MnSOD
occur in rat lung, as has been reported previously in human and rat lungs (42,43).
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MnSOD(iKb) CATALASE
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Criitobolite

9 10 + 14 1 3

Days of Exposure

Figure 1: Steady-jfa/e mflM4 /eve/* o//lO£ »>» raf 7u/ig a/rer 7, i , 6 a/id 9 aa>\s
o/a.r/>e.rfo.s or î7/ca ami a/ 74 dayj a/fer cessa/ion o/exposure. 7?esi</rs were

Wor ana/>jej. For AfnSOD, /Ae mos/ ao««aanf spetiw f~7 /ti/ooa
. <4 25 S r/V>o.roma/ prooe wai ujed in order fo con^rwi /oad/ng /lomogeneify f/iof
j . Dara are presented as percen/ages o/ mean confro/ va/wes ± S.£. fn = 4 raw/ejr-

poswre /jroMp/fi/ne period). /Vore /ne dij^erences in sca/e feenveen r/ie ord/na/es o/Mn50D
compared to /ne ofner /4OE. i4na/ys/f o/ variance tvere per/ormed on atlwa/ va/ue£. * p <
0.05 compared ro snam con/ro/j.

Inhalation of asbestos or silica caused increases in MnSOD mRNA expression
(Figure 3A) which correlated directly with increases in MnSOD immunoreac-
tive protein (Figure 3B). In contrast, CuZnSOD mRNA expression and im-
munoreactive protein remained relatively unchanged after mineral dust
inhalation. Table II shows amounts of MnSOD immunoreactive protein in lung
after 9 days of mineral exposure as well as 14 days after cessation of exposure.
The magnitude in increases of MnSOD immunoreactive protein after exposure
to asbestos or silica correlated with elevated levels of MnSOD gene expression
observed after inhalation of minerals.
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ra6fe / : 5/eadv-s/a/e m/MVA
various /im? periods.

Day 1
Day 3
Day 6
Day 9
Day 10+14

MnSOD

4.23 ± 0.08
11.5 ± 1.49
3.4 ±0.41
2.78 ± 0.03
8.85 ±0.20

/eve/s o/ <in/jo.ud)

CuZnSOD

33.8 ±2.09
31.3 ±3.2
16.43 ±0.28
56.63 ± 2.39
47.4 ± 1.58

un/ enrvmw in

Catalan

6.53 ± 0.33
9.58 ± 0.79
4.83 ±0.15
6.93 ± 0.78
9.3 ±0.94

sna/w con/ro/ ra/ /nn#.v a/

OPX

9.28 ±0.51
44.5 ±4.17
20.05 ± 0.75
9.65 ±0.10
8.68 ± 0.93

A/orr/wra Wo/ ana/w5 tvfre per/brmed a.? de.v< riTvd in /ne / « / and (/M<jn/i/a/rd
Be/asi op? Wo/ ana/yrer. Da/a ± S.£. /rom poo/rd c.»prrimfn« (n

Da/a are ejtpr«*e</i

a
are

CATALASE TOTAL SOD

S23

1"
oo
o
M 7S
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3 6 9 10 + 14

Crocidolite

229

190 -

79 -

1 3 6 9 10 + 14

Days of Exposure

H Cristobalite

• " • " "

T O * 14

Figure 2: L«ng AO£ ac/i'vif/ey a/i'er /, J, 6 and 9 aa^j o/ejrpasHre /o ai/»ei/os
a/ 74 d"a>j a/rer ce55a//on 0/eApojwre. Da/a are expressed as perten/aj^es 0/s/iam con/ro/
va/wes. S/iown are means ± S.£. o///iese percen/ages. Ana/^s/s 0/variance was per/ormed on
ac/aa/ va/wes o/individaa/ experimen/s (see 7?es«//s set/ion>.

CW/ Aiumfeer̂  anJ types /« fero/ic/ioa/vgo/ar /a vage C/3ALJ: Inhalation of asbestos
caused a rapid increase in PMNs and lymphocytes in BAL (Figure 4). However,
the percentage of PMNs decreased in asbestos-exposed rats after the cessation
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Figure 3: A/or/nern and Wes/ern Wo/ ana/yses o/A/nSOD and CuZnSOD a/rer 9 days o/
/o asoesfos or si/ica. J4: A/orrnern Wo». 75 (ig o//ofa/ /?/VA /rom ra/ /wng was

an a^arose-Zorma/denyde ^e/, Mo/red onfo ni'/rote//M/ose and nyfer/d/zed /o
"f./a/w/ed c-DA/i4 proves as d»tri/>ed in fne /«/ . 7ne 25 S and 7S 5 noosoma/ /?A/i4 fcands
are irtd/c ared and f«e ~ / - Ai/o/wise species o/Af nSOD m/?AM is present MOH> /ne 75 5 band.
fl: Wes/ern ft/o/. Tor MnSOD, 40 n# o/rofa/ /wnj? protein was app/iedper /ane wnereas/or
CuZnSOD, 2 Jig o/pro(ein was used. Samples were e/ecfrophoresed on 75 % sodium dodecy/
SM//afe-po/yacry/am/de ^e/s, e/ecfroo/oKed onto m>roce//«/ose and incwoa/ed wifn primary
annfcod/j's a^ai'nsr A/nSOD or CwZnSOD as descn'oed in fne Me/nods sec/ion. Presrai'ned
mo/et'w/ar size standards are indicated. .,.•... „ ,,,,

/ / : 2f"" ' ' ' " ' '«" o/ MnSOD immwnoreaefive profein in rar /«n^ a//er iVî a/af/on o/
crocido/ire asoes/os or crisrooa/ife si/ica.

Sham
Crocidolite
Cristobalite

Days of exposure

Day 9

Mean ± SEM

23.16 ± 1.36
27.82 ± 2.28
60.83 ± 5.63*

% > above
Control

120.1
262.7

Day 10 + 14

Mean ± SEM

19.18 ± 1.26
24.94 ±1.79*
46.28 ± 3.34*

% > above
Control

130
241.3

Twenfy |ig o/ pro/ein /rom /wn^ and puri/ied AfnSOD pro/ein standards were e/eclro-
p/ioresed, e/ecfroo/offed, and i>icu/)arfd wirn primary anfi-AfnSOD an/ifeody and '^7-con-
Jwgated secondary anft'oody as descrioed in /ne /ex/. 7?adioac/ivi/y o/oands was coun/ed in a
Samrna cown/er. Amoums o/ AfnSOD in /«n^ samp/es were de/ermined ^om s/andards.
/fcsufrs nere snow nanograms o/ imm«noreac/ive pro/ein (mean ± S.£. o/4
^roMp//ime period). /?esu//s were eva/ua/ed fey ana/ysis o/variance.
* /* < 0.05 compared wi/n s/w/n con/ro/s.
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Figure 4: 7bra/ and dij^erem/a/ ce// cownrs in SAL a/rer 7, J, 6 and 9 da>5 o/a,s/>e.?/o.s or
fi/i'ca e^poiwre awda/ 74 daw a/fer cewa/ion o/exposMre. Ce//5 were ofera/ned/rom BAL o/
f/ie n'g/ir /wng. Dara are means ± 5.£. o/ 4 rate/exposure gro«p/f/me period. 7?e5M/ls were
eva/uafed fey ana/wi'^ o/variance. * p < 0.05 compared to snam con/ro/i.

of exposure. The asbestos-induced inflammatory response was not reflected by
a statistically significant elevation of total cell counts in BAL. In contrast,
inhalation of silica resulted in dramatic increases in PMNs and total cell numbers
recoverable by BAL. Cell numbers in BAL continued to increase 14 days after
cessation of exposure. Pearson correlation analysis of combined data from sham,
asbestos-, and silica-exposed rats revealed significant correlations between
inflammatory cells in BAL and MnSOD mRNA expression in lung. Correlation
coefficients were: r = 0.53 (p<0.01) for total cell number in BAL, r = 0.58,
(p<0.01) for total number of PMNs, and r = 0.28 (p<0.05) for total number of
lymphocytes in BAL.

o//?M/m0flflry damage m BAL: Indices of pulmonary damage after
inhalation of asbestos or silica are shown in Figure 5. In general, elevations in
LDH, alkaline phosphatase, and protein levels in BAL correlated with the degree
of inflammatory cell influx in BAL. Inhalation of asbestos resulted in increases
in LDH after 5 days of exposure and in alkaline phosphatase, and protein in BAL
after 10 days of exposure. One month after cessation of exposure, enzymes and
protein in BAL returned to control levels. Silica exposure resulted in increases
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Figure 5: /m/ic« o/pM/monary aama^e a//er 5 ana" /0 aa>* i/tWario/t o/minera/f and 7
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groMp/r<me perioa". /{eju//f were eva/wa/ea" fe)' ana/yst; o/ variance. * p < 0.05 compared ro
snam con/ro/i.
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Figure 6: //yararypro/ine /eve/j i« fne /«ngj o/
mi'nera/-ejrpo5ed ra« and inam cowroAs. Da/a are
presen/ed ai means ± S.£. o/ 4 ra/i/ejposure
growp/zime period. /?esu//s were eva/ua/ed fty
ana/ym o/var/a/ite. * p < 0.05 compared /o snam
con/ro/j.
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of alkaline phosphatase in BAL at all time points compared to sham rats. LDH
in BAL was increased in silica-exposed rats after 10 days of exposure and at 1
month after cessation of exposure, whereas protein levels in BAL were in-
creased significantly 1 month after cessation of exposure to silica. In contrast to
patterns observed in asbestos-exposed rats, all indices of pulmonary damage
were increased most dramatically at 1 month after cessation of exposure to
silica.

* conte/i/ o//u/i£j: Hydroxyproline levels in lung (Figure 6) were
increased at 1 month after cessation of asbestos exposure. In contrast,
hydroxyproline content in lung was elevated after only 10 days of silica inhala-
tion and continued to increase during the elaboration of a typical nodular
pulmonary fibrosis. To assess dust burdens in rat lung after exposure to
crocidolite or cristobalite, silica content was measured at similar time points in
middle right lung lobes of separate rats (44). Comparable amounts of silica were
demonstrated in lungs after inhalation of either mineral (data not shown).

DISCUSSION i,Lv^ivd^wy..tes;;,-<K..s. , ^ « ,

Inhalation of crocidolite asbestos or cristobalite silica by rats results in the
development of pulmonary fibrosis albeit of dissimilar histopathologic features.
At equal mass concentrations in air, the two agents also elicit different profiles
of inflammation and lung injury as evidenced by BAL analyses. Increased
cellularity and markers of lung injury in BAL appeared to resolve after cessation
of exposure to asbestos, but continue to increase after cessation of exposure to
silica. These dissimilar responses do not appear to reflect a different lung
retention of these minerals. Profiles of AOE gene expression and activity in
lungs were distinct after inhalation of asbestos or silica, an observation suggest-
ing different patterns of lung defense and/or repair in these inhalation models.
Inhalation of asbestos resulted in altered steady-state mRNA levels of AOE and
caused general increases in activities of AOE in lung. Inhalation of silica caused
a dramatic increase in steady-state levels of MnSOD mRNA and immunoreac-
tive protein, but only minor changes in gene expression of other AOE. Interest-
ingly, no increases in activities of AOE in lung were observed after inhalation
of silica.

Several explanations are possible for the dissimilar pattern of AOE activities
after exposure to asbestos or silica. First, proteases and AOS released by
elevated numbers of PMNs and AMs in the cristobalite model may degrade
AOE. For example, AOS or stimulated PMNs can inactivate enzymes including
AOE (45-47). Thus, should induction of lung AOE occur in the model of
silicosis, elevated AOE activities might not be observed if these enzymes are
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inactivated. This phenomenon could explain why increased gene expression and
immunoreactive protein of MnSOD were observed in silica-exposed rats in the
absence of increased total SOD activity. Alternatively, the proportion of
MnSOD to CuZnSOD might be small in rat lungs, and increases in MnSOD
activity would not be detectable using our present enzyme assay. We are
currently addressing this question using activity gel analyses.

The different chemical composition and geometry of crocidolite asbestos
versus cristobalite silica might govern their ability to generate AOS. For ex-
ample, crushing or grinding of silica generates various silicon-based radicals as
a result of the interaction of cleaved Si-O-Si bonds with atmospheric com-
ponents (4,5). Moreover, hydroxyl (OH) radicals are generated in aqueous
suspensions of freshly ground quartz (5). The Fe^* on the surface of crocidolite
fibers is thought to drive reactions such as the Haber-Weiss (modified Fenton)
reaction which generates OH- from O2 and H2O2 (6-8). In addition to these
acellular mechanisms of silicate-induced generation of AOS, the fibrous nature
of asbestos may cause increased production of AOS from phagocytes or other
cell types in lung. Since long, thin fibers are incompletely phagocytized by AMs,
more O2 is produced from fiber-exposed cells in comparison to cells exposed to
chemically identical particles (48). In contrast to asbestos fibers, silica particles
are small enough to be phagocytized and accumulate in AMs in membrane-
bound phagolysosomes (49). Thus, the amounts, localization, and types of AOS
produced by cellular or acellular mechanisms in response to silica or asbestos
may be dissimilar in the lung.

Results of the present study indicate that AOE are not coordinately regulated
in lung after insult by minerals. Our data support a body of growing information
suggesting that different oxidant insults result in unique patterns of AOE
induction. For example, exposure of hamster tracheal epithelial cells to xanthine
and xanthine oxidase results in a selective induction of MnSOD gene expression
and immunoreactive protein, whereas addition of H2O2 results in increased
catalase mRNA expression (24).

Exposure to cristobalite produces marked cellularity in BAL and increases in
alkaline phosphatase, a marker of type II cell damage and/or proliferation (SO).
It is well known that the type II pneumocyte is important in the repair of alveolar
epithelium after injury (51) and responds to oxidant stress (such as hyperoxia)
by increases in AOE (51,52). Recently we have shown by ultrastructural im-
munocytochemistry that inhalation of either crocidolite asbestos or cristobalite
silica results in quantitative increases in MnSOD protein in the mitochondria of
type II pneumocytes (53). Thus, it appears that adaptive responses to oxidant
injury occur in type II pneumocytes after exposure to these minerals.

Some studies indicate the involvement of cytokines in gene regulation of
AOE after mineral exposure. For example, exposure of mononuclear phagocytes
to asbestos or silica in vjfro causes release of the proinflammatory cytokines,

74



tumor necrosis factor (TNF) and interieukin-1 (IL-1) (54-57). both of which
induce MnSOD mRNA expression in a variety of cell types (58-62). Under these
circumstances, coordinate increases in expression of CuZnSOD and other AOE
are not observed (59-62). These observations suggest that TNF and IL-1 may
regulate gene expression of MnSOD directly in lung cells.

In recent studies using the same inhalation protocols as described here, we
observed increases in TNF mRNA expression in rat lung after inhalation of
asbestos or silica. In support of our findings, a recent study showed an increase
in TNF mRNA in lungs of mice after intratracheal instillation of silica (63).
Administration of anti-TNF antibody prevented collagen deposition in silica-ex-
posed mice whereas infusion of mouse recombinant TNF augmented deposition
of collagen in the lungs of these animals (63). These results indicate that TNF
may be intrinsic to fibrogenesis in the lung and the development of silicosis.

Continuous administration of PEG-conjugated catalase to rats ameliorates
pulmonary damage, inflammation and extent of pulmonary fibrosis associated
with inhalation of crocidolite asbestos (1), supporting a cause and effect
relationship between AOS and the pathogenesis of asbestosis. Apparently, the
induction of AOE by asbestos in the lungs of rats is insufficient to prevent lung
injury, and fibrosis develops. However, the airborne concentrations of asbestos
fibers used here are high, albeit comparable to some workplace exposures before
the enactment of occupational standards for asbestos. Interestingly enough,
inflammation, LDH, alkaline phospatase and protein levels in BAL diminish
after cessation of exposure to asbestos while AOE activities are still increased.
Perhaps a causal relationship exists between increases in AOE and the decrease
in parameters of lung injury occurring in this inhalation model of disease.
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Abstract

Steady-state mRNA levels and immunoreactive protein for manganese-contain-
ing superoxide dismutase (MnSOD) were assayed in rat lungs after subchronic
inhalation of the fibrogenic silicon dioxide, cristobalite, or preparations of
titanium dioxide (TiC^) of different inflammatory and fibrogenic potential.
Total and differential cell counts recoverable by bronchoalveolar lavage (BAL)
also were measured to ascertain whether induction of certain AOE correlated
with inflammatory responses. Inhalation of cristobalite and ultra-fine TiC>2, a
particle causing pulmonary inflammation and fibrosis, caused dramatic in-
creases in MnSOD mRNA levels in rat lung which correlated with increases in
MnSOD immunoreactive protein. Increases in gene expression of other an-
tioxidant enzymes (AOE) [catalase, glutathione peroxidase (GPX), copper-zinc
containing superoxide dismutase (CuZnSOD)] were less striking and did not
correlate precisely with inflammatory potential of minerals. Inflammatory chan-
ges in BAL correlated directly with steady-state MnSOD mRNA levels in lung.
Inhalation of TiO2-F, a noninflammatory, nonfibrogenic mineral, failed to
induce MnSOD or mRNAs for other AOEs. Our data suggest that particles
causing inflammation and pulmonary fibrosis increase expression of AOEs in
lung, most notably MnSOD. Thus, elevations of MnSOD mRNA levels in lung
or BAL may be predictive of lung disease.

Introduction

Inhalation of mineral dusts in the workplace can lead to the development of
pneumoconioses of distinct histopathological features. For example, the crystal-
line silica, cc-quartz, is a major cause of silicosis in man when inhaled at high
airborne concentrations. Patients develop fibrotic nodules which may occur
diffusely in lungs after heavy exposure'. Experimental models of silicosis using
the silicon dioxide polymorph, cristobalite, also result in the formation of
localized silicotic nodules and a massive inflammatory involvement*. Other
mineral dusts such as titanium dioxide (TiO2), gallium oxide or aluminum oxide,
have been regarded in the past as "nuisance dusts" because of the absence of
adverse pulmonary effects after exposure-'''*. However, recent studies have
demonstrated that high concentrations or ultra-fine variants of these dusts result
in severe pulmonary damage, inflammation and fibrosis due to a saturation of
particle clearance by alveolar macrophages (AMs)". This "overload" situation
causes a concomitant, increased access of particles in the interstitium of the lung
with the development of pulmonary damage, inflammation and fibrosis^.

Several studies have demonstrated an important role of active oxygen species
in the elaboration of mineral dust-induced pulmonary fibrosis^. For example,
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exposure of many cell types to fibrogenic mineral dusts in vuro results in
cytotoxicity which can be diminished or prevented by concomitant addition of
antioxidants'''^. Iron-containing asbestos fibers are Fenton-type catalysts which
generate the hydroxyl radical (*OH) from hydrogen peroxide (H2O2) at the fiber
surface'*. Moreover, active oxygen species are generated at the surface of silica,
especially when freshly crushed '*•". Dusts causing pulmonary fibrosis
(amosite, chrysotile, and crocidolite asbestos, Min-u-sil-5 silica, kaolin and
diatomite) are Fenton catalysts whereas minerals not associated with lung
disease (wollastonite, non-fibrous tremoiite, and fiberglass) do not display
Fenton activity'^. In addition to the intrinsic ability of minerals to generate active
oxygen species by acellular mechanisms, oxygen metabolites are formed after
phagocytosis of participates by inflammatory cells".

Effects of active oxygen species are counterbalanced by an elaborate system
of enzymatic and non-enzymatic antioxidants located at specific intracellular
and extracellular sites within the lung'". Endogenous enzymes involved in the
removal of active oxygen species include superoxide dismutase, catalase and
glutathione peroxidase (GPX). Little is known about the regulation of an-
tioxidant enzymes (AOE) in rat lung after exposure to mineral dusts and their
involvement in lung defense from mineral-induced cell injury. Previously, we
have shown that inhalation of asbestos causes increases in enzyme activity of
catalase, GPX and total superoxide dismutase (CuZn and MnSOD) in rat lung
homogenates^. Moreover, increases in steady-state mRNA levels of these
enzymes were observed in rat lungs after brief inhalation (1 day to 2 weeks) of
the fibrogenic minerals, crocidolite asbestos or the silicon dioxide, cristobalite
silica^. Increases in MnSOD were most dramatic suggesting that gene expres-
sion of this AOE could be used as an indicator of acute pulmonary inflammation.

The goal of the present study was to determine if gene expression and
immunoreactive protein of AOE were altered in rat lungs after prolonged
inhalation of cristobalite silica or titanium dioxide of two particle sizes (TiO2-F,
250 run particle diameter, and ultra-fine TiO2-D, 20 nm particle diameter)
evoking striking differences in lung inflammation and fibrogenicity^. Specifical-
ly, we were interested in whether changes in steady-state mRNA levels of
MnSOD and immunoreactive protein correlated with the inflammatory and
fibrotic potential of minerals and persisted after cessation of exposure to
minerals. Results suggest that gene expression of MnSOD may be predictive of
lung disease.

Methods

£-*po.swre.s: Male Fischer 344 rats, weighing approximately 200-250 grams were
exposed to alpha cristobalite (1.3 mg/m^ air) ultra-fine titanium dioxide-Degus-
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sa (TiCVD, anatase form, 20 nm diameter, 23.5 mg/m-' air) or titanium dioxide-
Fisher (TiCVF, anatase form, 250 nm diameter, 22.3 mg/m^ air) for 6 hr/day, 5
days/wk for 4,8 and 12 weeks (Experiment #1). Cristobalite was obtained from
C & E Mineral Corp., King of Prussia, PA, TiCVD from Degussa AG, Frankfurt
am Main, Germany and TiCVF from Fisher Scientific, Springfield, NJ. Cris-
tobalite and TiO2 were aerosolized using a Wright dust feeder, whereas TiC^-D
was aerosolized using a Jet-O-Mizer (Fluid Energy Processing and Equipment
Co., Model OO, Hatfield, PA). The particle characteristics of both TiO2S have
been described previously^. Sham control animals were placed in dust-free
chambers and handled identically. In an additional experiment (Experiment #2),
sham controls and rats exposed to cristobalite (7-10 mg/m^ air) for 3,6,9 and 14
days after cessation of a 10 day exposure were lavaged, and RNA isolated as
described below for Northern blot analysis of MnSOD mRNA levels.

/Vepara//V;n o//««#$: After 4,8, and 12 weeks of exposure to particulates and
29 weeks after cessation of exposure, rats in Experiment #1 (N = 4/exposure
group/time period) were anaesthetized with an intraperitoneal injection of pen-
tobarbital, the chest was opened, and the lungs were removed. Lungs were
lavaged with saline (10 washes x 5 ml) using gentle massage. Volumes retrieved
by BAL were recorded and not significantly different between groups. After
lavage, lungs were flash frozen in liquid nitrogen and stored at -70°C for
Northern and Western blot analyses. The lungs of other rats were evaluated for
inflammation and pulmonary fibrosis by histopathology at 29 weeks and 1 year
after the cessation of exposure after perfusion of lungs by techniques reported
previously^'. In Experiment #2, rats were killed and lavaged as described above.
Lavaged cells were then prepared for Northern blot analyses to examine
MnSOD mRNA levels. ©*»»x
, /Vor/Ae/yj fl/or Ana/vsw: Total RNA was extracted from lung according to
procedures described previously^. RNA was fractionated on a 1.0% agarose,
2.25 M formaldehyde gel in running buffer containing 20 mM 3-[N-mor-
pholino]-propanesulfonic acid, pH 7.4, and 1 mM EDTA. After ethidium
bromide staining and UV examination of RNA to confirm loading homogeneity,
RNA was transferred onto nitrocellulose filters (Schleicher and Shuell, Keene,
NH). Filters were prehybridized (50% deionized formamide, 5X SSC, 5X
Denhardt's solution, 50 |!g/ml Salmon testes DNA, 0.1% sodium dodecyl
sulfate) for 8-24 hours and subsequently hybridized with ^P-labeled cDNA
probes overnight at 42°C. cDNAs were radiolabeled using a Prime-a-Gene
labeling system (Promega, Madison, Wl). Filters were washed and visualized
by exposure to Kodak X-Omat AR film (Rochester, NY) at -70°C using inten-
sifying screens. Radioactivity on filters was quantitated directly using a Beta-
scope blot analyzer (model 603, version 2, Betagen Corp., Waltham, MA). For
MnSOD mRNA analyses, the major 1 Kb mRNA species was scanned. Rat
MnSOD and CuZnSOD cDNA probes were obtained from Y.-S Ho, Wayne
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State University, Detroit, MI^~\ A rat catalase cDNA probe was provided by
S. Furata, Shinshu University School of Medicine, Mastumoto, Japan*"* and a
mouse GPX probe from G. Mullenbach, Chiron Corp.. Emeryville, CA~\ A rat
probe for the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), was obtained from Dr. Jeanteur, Laboratoire de Biochimie. Centre
Paul Lamarque, Montpellier, France'*.

WWern fl/or A/uz/ynj: Western blot analysis of immunoreactive protein was
used to determine if increases in steady-state mRNA levels of AOE resulted in
increased translation into protein. Small aliquots of lung tissue were
homogenized in phosphate buffer (0.05 M, 1 mM EDTA, pH 7.8) on ice using
a Polytron apparatus (Brinkman, Westbury, NY) (2 x 60 seconds at the highest
speed) and centrifuged at 14000 rpm (4°C). Protein content of lung homogenates
was assessed according to the method of Bradford^. Supematants were stored
at -70°C. Homogenates were lyophilized, reconstituted in electrophoresis
sample buffer and electrophoresed in 15% SDS-polyacrylamide gels as
described previously^". Subsequently, proteins were electrotransferred onto
nitrocellulose using a semi-dry electroblotter (Kirkegaard and Perry,
Gaithersburg, MD). Blots were stored at 4°C in PBS until analysis. Non-specific
binding was blocked by incubating blots for 30 minutes in PBS-Tween (.05%).
Subsequently blots were incubated with primary antibody for 1 hour. Anti-
human kidney MnSOD, anti-bovine catalase and anti-human GPX antibodies,
were generously provided by Dr. L. W. Oberley, University of Iowa, Iowa City,
IA^. Anti-rat CuZnSOD was a gift from Dr. D. M. Massaro, Georgetown
University, Washington, DC^°. Blots were washed with PBS-Tween ( 3 x 4
minutes) and incubated with biotinylated secondary antibodies (Vector
laboratories, Burlingame CA) for 1 hour. Protein bands were visualized with a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA). In order to assess
loading homogeneity after protein transfer, gels were stained with Coomassie
blue.

Dij^renr/a/ am/ tota/ eg// cowrtte m ftrortc/ioa/veo/ar /avage fflALj: Lavaged
cells from lungs were centrifuged at 1500 rpm for 10 minutes at 4°C, and the
cells were counted using a hemocytometer as described previously^'. Cytospin
slides were prepared and stained with Diff-Quick (Baxter Scientific, Bedford,
MA). Differential cell counts were obtained by counting at least 500 cells per
slide on 2 slides per animal.

Stofirtic?: Raw data were evaluated by analysis of variance, with correction
for multiple comparisons (Duncan procedure). Correlations between inflam-
matory response (cell totals and differentials in BAL) and MnSOD mRNA
expression of combined groups were computed using Pearson correlation
analysis.
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Results

Gene expression 0/ am/ox/dam enzymes (A0FJ: Figure 1 shows steady-state
levels of mRNA for AOE in rat lungs after inhalation of particles. In addition to
MnSOD, we evaluated message levels of CuZnSOD, catalase and GPX to
indicate whether trends in expression were observed. For MnSOD, at least 5
species of mRNA were present in rat lung (Figure 2), as has been reported in
human lung^'. Since the 1 Kb species of MnSOD is most abundant, its quantita-
tion is shown here. Quantitation of the 4 Kb mRNA species also exhibited
similar trends in expression in our studies (not shown).

Inhalation of the highly inflammatory and fibrogenic silica, cristobalite,
caused dramatic increases in MnSOD mRNA levels in rat lung, which were
significantly elevated at all time periods (rx.05). However, steady-state mRNA
levels of the other AOE after inhalation of cristobalite were variable (Figure 1).
Lung catalase mRNA levels were decreased at 4 and 12 weeks after inhalation
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Weeks of Exposure
- Criatobolito E 3 - TK),-D (ultrafin*) (HID "

7: S/eady-srafe m/WA /eve/i o /A0£ in raf /n/jg af 4, S, and 72 weefcs 0/1/ina/afton 0 /
minera/ dusfs and af 29 weete a//er cesjafton o/r/ie e^posMre. 7?es«//i are ejiprewed ax mean
perten/ages f± S£Af j o/snam ton/ro/i fN = 4 raK/e-tpojwre groMp/fi/ne period). Da/a were
auannra/ed^-om Befa«ope fc/or ana/ysii. For WnSOD, rne 7 /TA feand was ^ua/ir/fa/ed. A/ore
fne dij^erencei in jca/e freftveen fne ordina/e^ o/pane/ 7 (Af n50D) and rne ofner pane/5.

84



MaSOD

CMnl MO,

CuZnSOO

GPX

- IM

-4S

TtOi-D TIO,-r

• * . ; • > ; " !

-IBS

-48

CMfol SO, T1O.-D T K W

CATALASE

- IK.N

Control 810, TIOi-D TKW - » »

Stu, TIO.-D T K W

• • • »
Si(\ Til),-!) TW\-r ~

TIO,-I>

2: A/or/nern and Western 6/of ana/yses o/ i40£ q/ter 5 weeds o/ minera/
A/or/nern Wote. 75 (ig o/ /?A//4 ejt/racted /ro/n /i<ng was e/ec/rop/ioresed,

f onto nifroce//w/o.se and n>ondized to ^p./afo/ea" cDA//4 proves jpeci/7c/or /ne
' as descrifced. TAe /oca/ions o/28 S and 75 S noosoma/ /JAM /jaAit/j are indicated />>>

Ziorizonfa/ /ines. 7"/ie 7 ATft m/?AM species o/A/nSOD is indicated fey arrow. 5 : Western Wo/s.
Protein ^ronj no/nogenized raf /wng was e/ec/ropnoresed on 75 % acry/amide ge/s,
e/ecrrorrans/erred onto nifroce/Zu/ose and incwoated wif/i anfioodies speciyic/or r/ie variows
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of cristobalite. However, after 8 weeks, steady-state catalase mRNA was in-
creased (p<.05). An early decrease in GPX mRNA levels was observed in
cristobalite-exposed animals, but significant increases ( JK.05) in lung GPX
mRNA levels were observed at 8 and 12 weeks. After inhalation of cristobalite,
levels of CuZnSOD mRNA levels were decreased or unchanged.

Like cristobalite, inhalation of fibrogenic ultrafine TiO2-D caused consistent
and dramatic increases (px.05) in MnSOD mRNA expression in rat lung.
TiC>2-D caused significant increases in steady-state mRNA levels of catalase and
GPX after 8 and 12 weeks of exposure (p<.05), whereas CuZnSOD mRNA
expression remained unchanged or slightly decreased. After inhalation of non-
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Table 1.5/
in ra/ /ung

Weeks of
Exposure

4
8
12
12 + 29

nomogena/es.

GAPDH«

Sham

6.65 ± 0.34
6.23 ± 0.47
8.85 ± 1.0
5.73 ±0.24

4 /eve/s o/gAycera/de/iyde-3-pnospnf

Cristobalite

7.48 ± 0.20
9.53 ± 0.64b

11.35 ± 0.44b
6.23 ±0.41

TiO2-D

7.45 ± 0.38
9.30 ± 0.65b

15.05 ± 0.76b
5.75 ±0.13

ire de/rydrogenase (GA/>D//>

TiO2-F

7.30 ± 0.24
6.30 ±0.16

12.1 ± 0.52b
5.03 ±0.15

• Coun/s per m/nMfe (tpm) (Mean ± S.E.MJ per 4 fangs per growp per rime.
nj/ng a Berostope <jppara/uj as dejcrifccJ in f/ie re.tr.
^ 5<gn</7fanr/y </ijQ'i'ren//roffi s/iam ^roap a/ //i« same //me po/'n/ (p<0.05,

4 . - , v ; - . : . - - . . r : ^ . . - . - • - -

Table 2. S/ea<yy-ira/e m/?M4 /eve/j 0/ Wan^aneie-con/o/m'n^ 51/perojnae
(M/ii'ODj m cr//f o^rat/tec/ /row dront'/soa/veo/ar /ava^e 0/ raw exposed to

MnSOD«

Days of Exposure Sham Cristobalite

3 8.85 ±0.35 8.8 ±1
6 8.15 ±0.25 11.8 ± 0.4b
9 4.4 ± 1 . 4 8.4 ± 0.8b
10 & 14 4.0 ±0.5 9.5 ± 0.4b

•Cow/iteper m/nw/e (cpm,) (Mean ± S.E.MJ per 4 /wngsper group per n'me
a Berascope apparafMS as a"escri7>ed in rne fejr/.
b i / J t a n f / y di^eren//rom snam group af //ie sawte rime poim fp<0.05,

fibrogenic T1O2-F, only minimal increases in MnSOD and GPX mRNA levels
occurred, and catalase and CuZnSOD mRNA expression in lung were un-
changed or decreased at various time points. Use of the "housekeeping" gene,
GAPDH, provided surprising results in that significant increases were observed
in mineral-exposed lungs, but not sham controls, at 8 and 12 weeks (Table 1).
Thus, it appeared to be an inappropriate housekeeping gene for these studies.
Ethidium bromide staining of RNA indicated that loading of gels was equivalent
(Figure 2c).

Table 2 shows steady-state mRNA levels of MnSOD in BAL cells from rats
after short-term exposure to cristobalite. In comparison to sham rats, gene
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I I Shorn

Weeks of Exposure

Criitobolite ^ 3 TiOj-D(ultrafin«) [HID

5: 7ofa/ ce// HK/nAers and dijjfere/u/a/ ce// counte i« BAL a/tc/- 4, 5 am/ 72 wee)b o/
o/m/Viera/ a*u5/5 and a/ 29 wee/ts a/ifer ceffad'on o/cxpojMrc. /?CJ«//5 are means ±

5£Af o//V = 4 rate/ exposure groifp//ime pen'od. • p < 0.05 (AM?Vi4j.

expression in cristobalite-exposed animals was increased (p<.05) as early as 6
days after initiation of exposure.

/mmwnorajcfjveprotez/i: Figure 2 shows results of Northern and Western blot
analyses of AOE in rat lung after 8 weeks of inhalation of particles, the time
period where increases in MnSOD were most striking. Results show that the
increases in steady-state levels of MnSOD mRNA observed after exposure to
cristobalite or TiO2-D correlate directly with increases in MnSOD immunoreac-
tive protein in the lungs of these animals. Although increases in mRNA levels
of catalase and GPX also occurred at this time period (Figure 1), dramatic
differences in levels of these immunoreactive proteins were not observed in
Western blots. No significant changes in CuZnSOD mRNA expression were
observed in rat lungs (Figure 1). These findings correlate with CuZnSOD
protein levels which remained unchanged as well after mineral exposure (Figure
2).

7ofa/ am/ dijgtere/jf/a/ ce// cou/ite: Figure 3 shows total and differential cell
counts in BAL after inhalation of particulates. Both cristobalite and TiO2-D
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inhalation caused marked increases in total cell numbers and increased percent-
ages of PMNs. Inflammatory responses were most striking after cristobalite
inhalation. Pearson correlation analysis of all groups showed that the overall
inflammatory response (indicated by total cell numbers and the percentage of
PMNs recoverable by BAL) correlated with mRNA expression of MnSOD (r =
0.68 and r = 0.79, respectively, both p<0.01).

///.s/opa/Wo&y: At 29 weeks after cessation of exposure, cristobalite-exposed
rats exhibited focal interstitial fibrosis and moderately severe focal alveolitis
which persisted for 1 year (Baggs et al., in preparation). Less inflammation and
fibrosis were apparent in TiC^-D-exposed rats, and minimal inflammatory
changes appeared in the TiC^-F groups. In contrast to silica-exposed rats, all
TiOj-induced changes appeared to regress after 1 year.

Discussion ?f ! 1 | 1 ; *

The present study shows that profiles of gene expression of AOE in lung are
affected in a distinct pattern after inhalation of mineral dusts which cause
pulmonary damage, inflammation and fibrosis. Inhalation of cristobalite and
TiC>2-D caused dramatic inflammation in rat lung. Moreover, markers of pul-
monary damage in BAL (lactate dehydrogenase, alkaline phosphatase, |3-
glucuronidase) were increased after exposure to cristobalite and TiCVD, and
increased collagen deposition and pulmonary fibrosis were observed at later
time periods-". We demonstrate here that cristobalite and ultra-fine TiO2-D also
cause dramatic increases in steady-state MnSOD mRNA expression in lung
which remained elevated 29 weeks after cessation of the exposure period.
Increased MnSOD mRNA expression was accompanied by increases in levels
of immunoreactive protein. In contrast, mRNA levels of other AOE in lungs
appeared to be affected differently after inhalation of mineral dusts. Small
increases in mRNA expression of catalase and GPX were observed in rat lungs
after inhalation of cristobalite or ultra-fine TiO2-D, but not after exposure to
TiO2-F. In contrast, CuZnSOD levels remained unchanged or were slightly
decreased in rat lungs after exposure to the various mineral dusts.

Unique to our present study was the use of particulates eliciting different
patterns and magnitudes of pulmonary inflammation as indicated by inflam-
matory cell infiltrates in BAL. Statistical analysis showed a direct correlation
between increases mRNA expression of MnSOD and the inflammatory potential
of the mineral dusts determined by differential and total cell counts in BAL and
confirmed by histopathology.

Whether inflammatory and fibrogenic minerals directly cause elevation of
MnSOD at the level of gene expression or do so via elaboration of cytokines by
cells of the immune system is unclear. Several cytokines such as tumor necrosis
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factor a (TNF) and interleukin 1 (IL-1) are able to modulate the induction of
AOE directly. Moreover, both cytokines are released by inflammatory cells in
response to specific stimuli including mineral dusts" '^. For example, Driscoll
et al showed increased TNF release by AMs exposed to Min-U-Sil in vi/ro or
after intratracheal administration of silica of TiC>2 to rats**. Moreover, Borm et
al. showed increased TNF release by peripheral blood monocytes of coal miners
with or without lung abnormalities when compared to non-dust exposed con-
trols". Recently, Piquet and coworkers demonstrated that antibody to TNF
could prevent silica-induced pulmonary fibrosis in mice*". Alternatively, con-
comitant administration of TNF with instillation of silica resulted in an aug-
mented collagen deposition in the mouse lung when compared to administration
of silica alone. This study indicates a causal role of TNF in the development of
mineral-induced lung disease. In support of these findings, we have observed: i)
increased levels of TNF mRNA expression in the lungs of rats having inhaled
cristobalite or T1O2-D'' and ii) increased 1/1 vivo TNF release by rat alveolar
macrophages after intratracheal instillation of TiCVD'®. These findings suggest
that TNF is involved in the development of lung inflammation and fibrosis in rat
lungs exposed to cristobalite or TiCVD.

Several investigators also have shown that both TNF and IL-1 can increase
MnSOD mRNA expression in a variety of cell type 1/1 vi/ro^"**. Expression of
other AOE remains unaffected after exposure to these cytokines. Since mRNA
levels of TNF were increased in cristobalite- and TiO2-D-exposed rat lungs at
timepoints showing increased MnSOD mRNA expression-", this cytokine might
be responsible for the increases in MnSOD mRNA expression observed in
experiments here.

Because our studies on AOE gene expression were performed on lavaged
lung tissue, increases in MnSOD mRNA did not reflect the contributions of AMs
and other cells in the airspaces. In recent studies, we have demonstrated using
ultrastructural immunocytochemistry and morphometry, significant increases in
amounts of MnSOD protein in mitochondria of type II pneumocytes after
inhalation of cristobalite'". Little immunodetectable MnSOD was found in type
I pneumocytes, fibroblasts, PMNs or endothelial cells. Thus, increases in
MnSOD gene expression and protein levels appear to be primarily reflected by
induction of protein by type II epithelial cells in the lung. However, TNF or other
cytokines released from AMs and other cells of the immune system in the
airspaces or interstitium may modulate these increases.

Short-term inhalation studies using cristobalite indicate that MnSOD mRNA
levels increase in the lung^° as well as in cells retrieved from BAL as early as 6
days after initiation of exposure (Table 2). Moreover, gene expression of
MnSOD remains elevated in both BAL cells and lung after cessation of exposure
to dust and during the progression of mineral-induced fibrosis. The results of
these experiments are exciting as BAL is a relatively noninvasive technique used
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in the diagnosis of pulmonary disease in clinical research. It is conceivable,
based upon results here, that elevated message levels of MnSOD in BAL may
be predictive of mineral-induced inflammation and pulmonary fibrosis in man.
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Summary

Generation of oxidants is a proposed mechanism of cell injury by asbestos
fibers. To determine if human pleural mesothelial cells (HMC) responded to
asbestos and active oxygen species (AOS) by induction of antioxidant enzymes,
cells obtained from pleural effusion were exposed to crocidolite or chrysotile
asbestos or xanthine/xanthine oxidase (X/XO), a chemical generating system of
AOS. Gene expression of manganese-containing superoxide dismutase
(MnSOD) and heme oxygenase (HO), endogenous enzymes involved in cell
defense against oxidant stresses, was then determined. Dosage-dependent in-
creases in steady-state mRNA levels of MnSOD and HO were observed in HMC
exposed to asbestos or X/XO. However, increases in gene expression of
MnSOD or HO did not occur in HMC after exposure to participates such as
polystyrene beads or riebeckite, the nonfibrous analog of crocidolite asbestos.
Comparative experiments with human adult lung fibroblasts (HAL), showed
less striking increases in mRNA levels of MnSOD and HO in response to
asbestos, but steady-state mRNA levels for HO were increased more than 5 fold
in response to X/XO. To determine if increases in mRNA levels of MnSOD
were translated into protein, Western blot analyses were performed on HMC and
HAL cells exposed to asbestos or X/XO. Slight increases in MnSOD im-
munoreactive protein were observed in HMC in response to both agents. In
contrast, X/XO caused striking elevations in MnSOD protein levels in HAL
cells. These results suggest that certain antioxidant enzymes are inducible in
HMC after exposure to asbestos and other oxidants.

Introduction

Occupational exposure to asbestos is associated with the development of
bronchogenic carcinoma and diseases of the pleura including malignant
mesothelioma, pleural plaques and effusions (1). Although the pathogenesis of
asbestos-related diseases is complex, a number of studies suggest that active
oxygen species (AOS) may mediate asbestos-induced cytotoxicity (2-4), cell
proliferation (5) and inflammation (6,7). Administration of antioxidant enzymes
to rats during inhalation of asbestos ameliorates lung injury and pulmonary
fibrosis normally developing in these animals, an indication that AOS are
intrinsic to pulmonary disease (8). Presumably, AOS are generated in the lung
or pleura after exposure to asbestos by several mechanisms. Redox reactions
driven by iron on the surface of the fibers may result in chronic generation of
AOS at sites of fiber deposition (9,10). AOS may also be produced during a
respiratory burst by alveolar macrophages (AMs) and neutrophils after unsuc-
cessful phagocytosis of long fibers (11,12). In addition, inflammatory reactions
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occurring after exposure to asbestos may result in chronic generation of AOS in
the lung or pleural space (reviewed in 13).

Colony forming efficiency assays using human pleural mesothelial cells
(HMC) m v/'fro indicate that these cell types are much more sensitive to the
cytotoxic effects of asbestos than human bronchial epithelial cells and human
lung fibroblasts (14). One plausible explanation is that HMC are compromised
in their defensive responses to asbestos fibers or other oxidants. The influx of
neutrophils into the pleural space and a host of cellular immune responses
appear to be involved in the pathogenesis of many pleural diseases (15). Since,
AOS may be released in large quantities into the pleural space as a consequence
of these processes, antioxidant defenses of mesothelial cells may be essential to
the prevention of cell damage and the development of pleural disease. As
emphasized at a recent workshop (15), little is known about the ability of the
human pleural mesothelial cell to sustain oxidative injury and/or adapt to
oxidative stress.

In studies here, we examined the ability of HMC to respond to oxidant stress
at the level of gene expression using cDNAs encoding the antioxidant enzymes
manganese-containing superoxide dismutase (MnSOD) and heme oxygenase
(HO) a gene induced by oxidants in a number of mammalian cell types and
implicated in cell defense against oxidative damage (16-18). The purpose of the
work was to determine if genes encoding these enzymes are inducible in
mesothelial cells. An available antibody recognizing MnSOD protein (19)
allowed us to assess by Western blot analysis whether or not increased message
levels were translated into immunoreactive protein. Lastly, we used human adult
lung fibroblasts (HAL) to assess whether another human cell type responded
similarly to asbestos and xanthine plus xanthine oxidase (X/XO), a well-charac-
terized chemical generating system of AOS producing a spectrum of reactive
species including superoxide and hydrogen peroxide (20).

Methods

astes/os: Xanthine and xanthine oxidase were obtained from
Calbiochem (La Jolla, CA), fetal bovine serum from Hyclone Laboratories Inc.
(Logan UT), phenol from Anachemia (Rouses Point, NY), chloroform from
Fisher, and [a-^P]dATP(3000 Ci/mmol) from Dupont-New England Nuclear.
Ca^Mg^-free phosphate-buffered saline (CMFPBS), prestained, low range,
protein molecular weight standards, and penicillin/streptomycin were from
GIBCO. Bio-Rad dye reagent, acrylamide, bis, ammonium persulfate, TEMED,
tris, glycine, Tween-20, and Coomassie Blue stain were all from Bio-Rad
(Hercules CA). All other chemicals or growth factors were purchased from
Sigma (St. Louis MO). Union Internationale Contre le Cancer (UICC) reference
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samples of crocidolite and chrysotile were used here and characterized pre-
viously (5). Nonasbestos particles including riebeckite, a nonfibrous particle
chemically similar to crocidolite (21) and polystyrene beads (Polysciences Inc.,
Warrington, PA) were used as negative controls.

CW/ cu//Hr£ a/id freafm^n/: Two isolates of human mesothelial cells (HMC
9015 and 9017) and a line of human adult lung fibroblasts (HAL) were grown
in monolayers at 37°C and a 95% air-5% CO2 environment. HMC were obtained
from patients with congestive heart failure and no clinical history of pleural
disease by pleural effusion and were maintained in Ml99 (GIBCO) containing
50 U/ml penicillin, 50 u,g/ml streptomycin, 10% fetal bovine serum, and 100
ng/ml hydrocortisone. HMC were evaluated after < 5 passages and characterized
for expression of keratin and vimentin using immunofluorescence techniques as
described previously (22). These studies verified that HMC reacted with an-
tibodies for both keratins (AE1, AE3 and 24A3) and vimentin. HAL, obtained
from N.I.A. Aging Cell Culture repository Institute for Medical Research (Cam-
den NJ) were maintained in Minimal Essential Medium (MEM, GIBCO) con-
taining 50 U/ml penicillin, 50 ^ig/ml streptomycin, and 10% fetal bovine serum
as described elsewhere (23). Both cell types were grown to confluence in 100
mm dishes (Corning Glass Works, Corning.NY) and exposed to test agents in
complete medium. Asbestos and other particulates were suspended in Hanks
Balanced Salt Solution (HBSS, GIBCO) and added to cells directly (21).
Xanthine (50 nM) was dissolved in medium in absence and presence of XO at
various concentrations (0-0.4 U/ml). »§Vv ? • v Q j ^ u i

Cyfo/axz'riry assays: To determine concentrations of asbestos and X/XO that
were nontoxic to HMC and HAL cells, cells were grown to confluence in
multi-well dishes and exposed to test agents. Cytotoxicity at 24 hrs. after
addition of agents, was assessed by quantitation of cell-associated protein
(N=4/group/concentration) according to the Bradford technique (24). Assays
were performed in duplicate.

/Vorf/ie/Tj b/of a n a / ^ : Total RNA was extracted from cells according to the
procedure of Chomczynski and Sacchi (25). Purity and concentration were
determined by measuring UV absorbance at 260 and 280 nm. Fifteen |ig of total
RNA was electrophoresed, transferred onto nitrocellulose filters and hybridized
with pP]-labeled cDNA probes (26). Rat MnSOD cDNA was obtained from
Y.-S. Ho, Wayne State University, Detroit MI (27), and a human HO cDNA
probe was generously provided by R. Tyrrell, Swiss Institute for Experimental
Cancer Research, Epalinges, Switzerland (18). Radioactivity on blots was quan-
titated directly using a Betascope blot analyzer (Betagen Corp., Waltham, MA).
In addition, hybridization signals on blots were visualized by exposure to Kodak
X-Omat AR film (Rochester NY) at -80°C with intensifying screens. To ascer-
tain that increased mRNA levels were not due to differences between RNA
contents of blots, representative blots were stripped and reprobed with a

98



glyceraldehyde-3- phosphate dehydrogenase (GAPDH) cDNA probe, obtained
from Dr. Jeanteur, Laboratoire de Biochimie, Centre Paul Lamarque, France.

W«fmi Wo/ ana/>j«: Cells were washed twice with cold CMFPBS, scraped
with a rubber policeman, and spun for 4 minutes at 1500 rpm in a clinical
centrifuge. The supernatant was decanted, and cell pellets were resuspended in
0.025 M potassium phosphate buffer, (pH 7.8) containing 50 fiM ethylene-
diaminetetraacetic acid, 3 mM phenylmethyl-sulfonylfluoride, 3 mM benza-
midine and 1.27 mM N<,-p-tosyl-L-arginine methylester. Cells were sonicated
on ice 6 times for 10 seconds at 100 watts with intervals of 10 seconds, and
lysates were spun for 5 minutes, 14,000 rpm at 4°C in a microcentrifuge.
Supernatants were stored at -80°C for analysis of protein content and western
blotting. Protein concentrations were determined by the Bradford technique
(24). Prior to electrophoresis, samples were lyophilized and reconstituted in
sample buffer and electrophoresed in 15% sodium dodecyl sulfate-poly-
acrylamide gels (28). Blots were stored at 4°C in PBS until analysis. Non-
specific binding was blocked by incubation with PBS-Tween (0.05%) for 30
minutes. Subsequently, blots were incubated with a primary anti-human kidney
MnSOD antibody (L.W. Oberley, University of Iowa, Iowa City I A, 19) for 1
hour. Blots were washed with PBS-Tween, and incubated with peroxidase-con-
jugated anti-rabbit IgG (Vector laboratories, Burlingame, CA). Protein bands
were visualized with the ECL Western blotting Detection system (Amersham,
Arlington Heights, IL). , ,_ , .,.„•.....„.. ;

ReSUltS

: as shown in Table 1, HMC and HAL cells showed no alterations
in amounts of protein after exposure to crocidolite asbestos or X/XO at con-
centrations less than 25 |ig/cm^ and 0.2 U/ml, respectively. In subsequent
studies, agents were used at lower concentrations exhibiting no obvious cyto-
toxicity after an exposure period of 24 hours.

Ge/ie ejcpress/o/i o/A/nSOD and //O m //AfC/o//ow//ig exposure to croc/do-
/«te asbestos or X/XO: one objective of work here was to determine if sensitivity
of HMC to asbestos correlated with alterations in gene expression of the
antioxidant enzymes, MnSOD and HO. Figure 1 shows a time course of MnSOD
gene expression at 2, 8 and 24 hours after exposure to 2.5 |ig/cm^/dish
crocidolite asbestos, or 0.1 U/ml X/XO. The 1 and 4 kb bands reflecting the
major mRNA species for MnSOD are indicated, and quantitated in all experi-
ments using a Betascope blot analyzer. Crocidolite asbestos caused slight
increases in MnSOD mRNA levels after 8 and 24 hours of exposure. However,
more dramatic increases (2-3 fold) in MnSOD mRNA levels were observed
following exposure of cells to X/XO at these time periods. More striking
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TABLE 1
add/7/o/i to
noun.

ciry o/ croc/do/i/e
mesor/iWia/ ce//s f//MC) or human

ojcidase (X/XO) a/fer
/ling /ioroo/as/s (7/AL) /or 24

Protein content of dish*

HMC HAL

Control

Asbestos

X/XO

Wfe^»

2.5t
10.0
23.0

0*
0.025
0.05
0.1
0.2

25.0(1.3)

29.7 (2.2)
30.2 (2.3)
28.7 (2.5)

26.1 (1.2)
22.7(1.4)
22.0(1.3)
21.7(1.2)
22.7 (0.7)

22.5(1.1)

22.8
21.3

(2.1)
(1.6)

22.6(1.5)

22.6 (1.2)
18.0(1.1)
19.5
19.7
19.2

(1.1)
(10)
(0.8)

*Mean and S.E.Af. (in parenfneses) o/N=4/group as de/ermined oy rne Brad/ord /ecnnioMe.
No jigm/icanr dij^erences/rom confroAs or frendi wi'f/i dose were o/werved using ana/yii5 o/
variance; tug/cm^ area o/disn; *50pAf jcanrnine p/us xan/nine ojci'dase ({//m/ medium).

\ MnSOD ( 4 k b ) ,;>_,;>•"•;,-

a.u MnSOO (1kb)
[ 1 Control

1888 CrocidollU (2 5 « / c
X/XO (O.IU/mL)

2 hrs 8 hrs

4kb •

Figure 1. Time tourje o/Aln5OD m/UVA e^preMion <n //WC a/Jer exposure to crocido/ire
asoestoj and X/XO. WAfC 90/7 ce//$ were grown to con/Zuence, and/ed wi/n comp/e/e
medium ar fne nme o/addi7ion o/fejf agen/s. Crocido/ire was suspended in //B5S and added
af a concenrrafi'on o/2.5 ng/cm^ area o/di'sn. Ce//s rreafed wi/n X/XO were/ed wi'rn/resn
medium containing 50 nAf .ranz/iine (X,) and XO was added a/ a/ina/ concen/raft'on o/0. /
{//m/. A/rer 2,8, and 24 nours o/exposure /?A/A was exrracfed and Norfnern Wor ana/yses
performed. B/ofs were nyoridized wirn a /^^/*/-/aoe/ed raf cDNA encoding Mn5OD, wasned
and / /bo and 4 W> oands ^uanr/7a/ed using a 6e/ajcope o/or ana/_yzf r. /?e5u/rj are expressed
as cou/1/5 per mmu/e.
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elevations in gene expression of HO were seen following exposure of HMC to
crocidolite or X/XO (Figure 2), but mRNA levels of GAPDH were unchanged
(Figure 2). Accordingly, normalization of MnSOD or HO hybridization signals
to GAPDH mRNA did not alter the magnitude of changes observed in all
experiments (data not shown).

The dose responsive nature of increases in gene expression of MnSOD and
HO following exposure of HMC to graded concentrations of crocidolite or
X/XO is demonstrated in Figures 3 and 4. As shown in Figure 3, increases in
both 1 and 4 kb MnSOD mRNA species are observed in a dose response fashion
after 24 hours of exposure to asbestos. In addition, exposure of these cells to
increased amounts of X/XO resulted in more pronounced increases in MnSOD
mRNA levels. However, addition of riebeckite, a non-fibrous particle chemical-
ly identical to crocidolite asbestos, failed to alter MnSOD mRNA levels. Figure
4 shows HO mRNA levels in HMC line 9017 after 24 hours of exposure to
crocidolite or X/XO. Similarly, both crocidolite and X/XO caused dose depend-
ent increases in HO mRNA levels whereas addition of riebeckite failed to alter
HO mRNA levels. In order to determine whether HMC from different patients
showed similar patterns in gene expression of MnSOD and HO, we compared 2
different HMC lines after exposure to asbestos. Figures 5 and 6 show that both
HMC 9015 and 9017 respond to crocidolite asbestos by increasing MnSOD and
HO mRNA levels.

Pratem /eve/5 o/Af/iSOD in //MC a/fer ejcposwre to asbestos or X/XO: To
determine whether increases in gene expression of MnSOD in HMC after
exposure to asbestos or X/XO were accompanied by increased immunoreactive
protein levels of MnSOD, we performed Western blot analyses at various time
points after exposure. Figure 7 shows that modest increases in MnSOD im-
munoreactive protein occur at 48 hours after exposure to crocidolite or X/XO.

Gene express/on o/MnSOD and / /0 m //AL/o/fowmg exposure to crocido/tfe
asbestos or X/XO .In addition to HMC, we also examined HAL to determine
whether similar alterations in gene expression of MnSOD and HO occurred
following exposure to crocidolite or X/XO. Figures 8 and 9 show the time course
of gene expression of MnSOD and HO in HAL after addition of crocidolite or
X/XO. Crocidolite asbestos did not alter MnSOD or HO mRNA levels. How-
ever, addition of X/XO caused increases in MnSOD mRNA levels at all time
points. Transient, but more striking increases in HO mRNA levels were ob-
served at 2 and 4 hours following administration of X/XO and decreased
towards control levels at 24 hours. These patterns of expression may be related
to the self-limiting oxidant production in the X/XO generating system. Figures
10 and 11 show results of a dose response study using crocidolite asbestos. No
alterations in MnSOD mRNA levels and only moderate changes in HO mRNA
levels at the highest concentrations of asbestos were observed. Riebeckite failed
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ty)

2 hr» B hri 24 hr«

CAPDH

Figure 2. 77me cowrie o/WO m/WA egression in WMC 9077 ce/7s a/fer ejipoiwre fo
frotido//7e flifoei/oi a/wf X/XO. CeWs were ej^osed /o res/ agentt as deicr/'feed in/i^Mre /.
fl/ott were /i>for«//ze</ wi//i /^/>y./g^/^ c£>M4 e/itodm^ WO. //yftrid/zaf/on 5/^na/s were
auanf/rared «5i>î  a fie(an-ope appara/«j. SM/>ieoMe/»/y. //ie /?/or was srripped am/ reprooed
vvi'r/t a cDNA encoding GAPDW, as a nousefceepmg profee, s/iown «'n r/ie feoKom pane/.
D/ĵ erenr ny/>nd/za//on fc/o/s and cond/'/ions /or samp/es a/ 2 /lours vs. rnose af 8 and 24
fours accoi<n//or ni'gner cpm /n confro/ samp/es af 2 /io«rs.

CAPDH
mRNA

Figure 3. Dose response sfudy o/ MnSOD m/?M4 express/on in WMC q/Ter 24 nowrs o/
ej^oswre fo croa'do/j're asbesros or X/XO. //Af C 90/ 7 ce//s were c«/f«red as descn'oed a/wve
and exposed /o increasing amou/ifi o/croc/do/iVe asbestos, 7.25,2.5 or 5 iig/an^ disn. Ce//s
«posed fo X/XO were /ed wi/n /res/i medium containing 50 nM X a/ong wifn inrreasing
amounrs o/XO, 0.05,0./, 0.2 or 0.4 t//m/. /fieoecfa'fe, rne non-porous crocido/ire ana/og was
added af 5jlg/cm^ disn. A/frer 24 nours o/ exposure /WVA was ex/racred and Norfnern b/of
ana/yses per/ormed. B/ofs were probed wifn MnSOD and ^uanfifared as described above.
Subse^uenf nybridizafion wifn GAPDW cDNA revea/ed no di/Jerences in /WA confenfs
befween /anes (boffom pane/).
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Figure 4. £)o$e response j/udy o/ Wt/ m/</VA expression 1/1 WMC a/irer 24
lo crocido/ife asbestos or X/X0. WMC 90/ 7 CW/J H'trf ejposed /<> (ro<jdo//Je a.v/v.vfos af
i.2J, 2 J . or 5 Jlg/cm^ JJJA, or 50 jlAf X a/on̂ ? vw/A i/icr«<u/>ix amow/Mi o/XO fO.05, 0./ , 0.2
or 0.4 1/ XO/m/A or ridwt-Jb'/e ar 5 Hg/cm^ area dif A. Worf/iern WO/J n-ere /iyon</iie</ H-I/ZI a

^ e«co<//ng //O and ouanftVated o/i a Be/aicope Wo/ appararuj.

MnSOD (4kb)

73 •

M>-

2 J •

0.0

MnSOO

i •

l

4 * b

ttb

(lkb)

HMC 9017

I I Control

^ 9 Crocitfonu (2S|*9/cm*)

HMC 9015

- - , . . - . «wNM|-^
- U S

0 Chry. Croc. 0 Chry. Croc.

24 Hfl . »« • *»•

HMC 9017 HMC 9015

Figure 5. Srcady-i/a/e m/WVA /eve/j o/M/iSOD /n WMC 9075 and 9077 a f̂er 24 /ion™ o/
ro ajoey/oj. //MC 90/5 a/id 9077 ce//5 were grown fo con/7Mente,/ed wi/A/rejn

ffied/«>7i and exposed fo 2.5 ng/cm^ croci'do//'fe a5oei/oi or 7 (ig/cm^ cnryior/7e
s. 75jig o/TWVA per /ane war e/ecfropnoresed and /Vor/nern o/o/ ana/y^ej

performed. B/ofs were /ryor/d/zed w«n ^2/>y. /a^/^ AfnSOZ? cD/VA, and owan/jfared as
deicr/oed aAove.
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HMC 9017 HMC 9015

CAPOH
mRNA

Figure 6. Sfeady-sfa/e m/?/V/4 /eve/s o/ / /0 /« //MC 9075 and 9077 ce//s a/ier 24 AOM« O/

to 2.5 jlg/cW crorufo/ite asfcestos or / |ig/cff|2 cnryso/i/e asbestos. A/or//î rn Wo/s
/5 jig /?/Vi4//aw ŵ r«r pro/va" WI//I a ^2/>y./a/^/^ / / ^ tDA/A. fl/ofs
O/J a fle/ascop^ apparafuj, jfr/pped am/ reproved H><7/» a c£)A/i4 e

to a*certain f</Ma/ amowwrj o//WV,4. GA/*£>W m/?/Vi4 feve/j, jno»vn in oottom pant/5
revea/ec/ no a'ljfferences oenvcen /a«ei.

24 hrs

C 4

48 hrs

I I Control
BgS Crocidolite

(U/mL)

n
2.5 10 0.1 0.2 2.5 10 0.1 0.2

Figure 7. /mnwnoreacrive protein o/AfnS0Z) in WWC 90/7 ce/fc a/f«r 24 and 48 nowrj o/
/o croci'do/ite aj/xrsroi (2.5 or 70 ng/cm^ or X/XO ("0.7 or 0.2 (//m/). 700 or 200

o/protei'n oofained/rom WAfC /ysa/« tverc c/«cfropnor««d in 75% acry/amide
onto ni/rocc//M/oie and incu/>ated »vi7n a nu/nan Afn5OD po(yc/ona/ an-

fi'ftody. A/fer />it«/\jrion wifn a p^rojcidase /a/w/ed secondary ann7wd>, Wo« were was/ted
and reacted wi'/n //ie ECL cnenu'/M/nineicenf reagen/ (Amerinam), and exposed to /Coda/: X
Onwf/i/m/or /-5 seconds. Tne o/ofs/rom rne 24 and 48 /lour ejeposwre period con/ain 200
and /00 ng profein//a«e, respecrive/^. On/y one oand o/2i /^) is defecrao/e, as descnoed
previous/y (26J
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MnSOD (4kb)

MnSOO (1kb)
I I ContnX
M B CrocMoWa (J Sut/on)
H CrocMolite (} One/em*)
(59 X/XO (0 l

2 hr» 4 hn 8 hr» 24 hr»

4kb -»• —

Figure 8. 77m* t o u r « o/m/JA/A /eve/* o/MnSOD in /ML ce//j a/ifcr «jpoji*re
aj/^ifoj or X/XO. /ML cW/i nrre jjro»v/i ro con//M*ncr./fd tvirn^-Mn m^dii«ti a/ f/if «»!<• f»/

o/fetf a^<rnf5. Croc<aV>/i/« aj/vi/OJ waj msp?na>a' /n Wfl55 and odd^c/ ro <r//.v in a
cortc-enrrafion o/2.5 or 5 Jig/cm^ area o/d«n. Ce//i frealed H»i/n X/XO H-er?/<r</ iw'/n

^•ej« CM/Zwre med/M/n con/a/mng 50 nAf X a/ong wiVn 0.7 f//m/ XO. /1/rer 2 ,4 ,5 , ana" 24 nowry
o/ejcpoiwrc /?A/A was exrracred a/idM?/7/!e/7i Wof ana/yii's per/orffjea". B/o/s were /ryfcr/aVzed

a /•32/>y-/afte/ed c£)M4 profoe entoa"j>jg Mw5OD
a Befoscope /J/O/ ana/yzer a i ae^cr/fcea' aoove.

I I Control

gggl Crocidolita ( ^ / )

H i Crocidolita (5.0jig/cm )

X/XO (0.1U/mL)

2 hrs 4 hrs 8 hrs 24 hrs

Figure 9. Time course o/m/WVA /eve/s o / / /O in //AL ce//\ a/rer exposure /o crocido/i/e
asoes/os or X/XO. //AL ce//s were cu/mrea* ana" /reared OJ aeicrjfeed in Figure 8. A/or/nern
Wow were prooea" w/r/i a ^^/>y./aoc/cd / /O cDA/A, ana" awanfi/a/ed on a Befowcope ana/yzer.
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Figure 10. Dose response jfmfy o/W«5OD wi/WV/4 ejrpr«i»on in //AL CC//J a/ter 24 nonrs o/
to i/icr«aji/ix to/itrn/rafionj o/crocido/i/e as/>«tos, 2.5, 5, a/id /0 Hg/cm^ or 70

witite. /Vor/n*rn WO/J iv*r« profc^J WIV/J /^^py./a/^/^ cDNi4 encoding Mn50D
, ami ^uanfifa/ed on a Bffaitopf apparatus. Su^e^uen//^ b/ofi tvere stripped and

reproved wi/n GA/*D// cDM4 to con/irm nomogcneify in /?M4 co/i/enfx ocfwcen

o

1 2 •

10-

• '
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HO
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^ | Rl«b«cklt«
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Figure 11. Dose response sfwdy o///O m/WVA expression in //AL ce//s a/rer 24 Aowrs 0/
to increasing concenrrarions o/crocido/i/e asoestos, 2.5, 5, and 70 (ig/cm^ or 70

0/ riefo^cfa/e. /Vorfnern o/ofs were prooed wifn /^^Py-/aoe/ed c£WA encoding //O
on a fie/astopf appara/us.
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Figure 12. /mmunoreacr/ve pro/f/n o/ MnSOD in /ML ce/£r a/rer 24 ami 4S noun «/
ejpwure w crociao/«7«r aj/^jfoi f2_5 or /0 n^/tm^; or X/XO ^0./ or 0.2 (//m/J. / or 2 ^
pro/«/i^o/n /ML tr// /yja/« n>̂ r̂  f /f c7ro/>/wr*5«/ in /5% acTy/a/n/dV ^WJ. fra/ufrrrr<i onto
mrroce//u/o.se and incubated wifh MnSOD anribody. Profe/n frandi were vtjua/ized ai
descr/fted in/ig«re 7. 77ie fc/or^-om /ne 24 nowr f/>ne po/nr con/a/nj 2 (1^ o/profe/n per /ane,
w/iereas fne Wof prepared -̂OOT ce// ejefrac/i a/rer 48 /IOMTJ O/ ejpojure fo fe«
contoi/u / ng o/profein//ane. : ,v . «+f: iwl. XI© to«

to alter mRNA levels of MnSOD and HO in this cell type as was demonstrated
above using HMC. ^ ^ „

/eve/s o/Afn5OD in //AL q/rer «poj«re ro ajZ>es/O5 or X/XO. Western
blot analyses of MnSOD in HAL were consistent with results of Northern blots.
As shown in Figure 12, crocidolite asbestos did not cause increases in protein
levels of MnSOD after 24 or 48 hours of exposure. However, exposure of HAL
to X/XO caused small increases in MnSOD protein at 24 hours, and more
striking elevations after 48 hours of exposure. Therefore, alterations in gene
expression caused by asbestos or X/XO in HAL appear to correlate directly with
alterations in MnSOD protein levels. More importantly, the magnitude of
increases in MnSOD immunoreactive protein after exposure to X/XO is greater
in HAL than HMC.

Discussion

Little is known about the cell biology of mesothelial cells, the progenitor cells
of malignant mesothelioma. This highly invasive tumor is associated in humans
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with exposure to fibrous minerals, particularly amphibole asbestos (29) and the
zeolite mineral, erionite (30). In addition, inhalation of asbestos also causes
non-malignant alterations of the pleura which affect this cell type. The cellular
reactions that are important in the pathogenesis of these disorders are unknown.

The fibrous nature of asbestos appears to trigger a cascade of reactions within
a multitude of cell types involving oxidative stress (31). For instance, cells
phagocytosing these fibers activate a membrane bound NADPH oxidase leading
to prolonged formation of AOS. These effects are more pronounced with long
carcinogenic and fibrotic fibers (13). The iron content and mobilization of iron
from iron-rich amphibole fibers, particularly crocidolite, may be another
mechanism of oxidant generation in the lung as iron catalyzes the Haber-Weiss
or Fenton reaction resulting in formation of OH- (9,10).

Recently, we have shown that asbestos causes prolonged induction of c-/oi
and C-)M/J protooncogene expression in rat pleura! mesothelial cells, whereas
riebeckite, or other mineral fibers not giving rise to pulmonary disease failed to
induce these genes at the concentrations that were tested (32). Persistent induc-
tion of the early response gene pathway may lead to chronic cell proliferation
and asbestos-induced pleural disease. In addition, steady-state mRNA levels and
activity of omithine decarboxylase (ODC), an enzyme intrinsic to cell prolifera-
tion, are induced by asbestos fibers but not by non-fibrous particulates (21).
Since induction of ODC by asbestos is abolished by concomitant exposure to
antioxidants, AOS might be important mediators of cell proliferation caused by
asbestos (5). Alternatively, AOS released by inflammatory cells or generated
intrinsically by asbestos fibers could trigger some of the molecular events
described above. Since AOS are important mediators of asbestos-induced cell
proliferation, inflammation and fibrosis (8), antioxidant defenses of cells and
tissues could be critical to prevention of asbestos-induced disease.

Previously, we have shown that inhalation of asbestos leads to increased
mRNA levels of antioxidant enzymes (MnSOD, catalase, glutathione
peroxidase) in rat lungs at selected time points during or after exposure. The
magnitude of increases in gene expression of MnSOD in these studies was
greater than elevations in mRNAs of other antioxidant enzymes including
catalase and glutathione peroxidase (26). Immunocytochemistry also revealed
strikingly increased protein levels of MnSOD in type II pneumocytes in rat lung
after inhalation of asbestos or silica (33).

Endogenous levels of antioxidant enzymes and antioxidant defense
mechanisms have not been studied in HMC. Kinnula and coworkers recently
investigated different antioxidant pathways after addition of hydrogen peroxide
to rat pleural mesothelial cells using biochemical techniques involving
modulators of activities of endogenous antioxidant enzymes (34). These studies
showed that the glutathione redox cycle is important in protection against low
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levels of oxidative stress, whereas catalase becomes more significant in protec-
tion of cells against severe oxidative stress.

In the present study, we used molecular techniques to study oxidative stress
responses in HMC. We hypothesized that HMC might be compromised in
antioxidant defense after exposure to asbestos or generating systems of AOS
thus reflecting an increased sensitivity to oxidative stress. In order to address
this hypothesis, we measured gene expression of MnSOD and HO, since both
genes are readily induced by AOS or agents giving rise to AOS formation in
other cell types. Moreover, both enzymes are implicated in cell defense against
oxidants (31). MnSOD, the mitochondria! form of the SODs, is selectively
induced by the cytokines, Tumor Necrosis Factor-a and Interleukin 1, hyper-
oxia, irradiation and generating systems of AOS (reviewed in 31). Transfcction
of genes encoding MnSOD into mammalian cells also confers increased resis-
tance to oxidant stresses such as paraquat (35) and asbestos (Surinrut et al., in
preparation). Moreover, pretreatment of cells with agents that induce MnSOD
leads to adaptation to subsequent oxidant injury (31,36). These studies all
suggest a protective role of MnSOD against oxidative damage.

In this study, we also investigated mRNA levels of HO, an enzyme tradition-
ally not examined as an antioxidant. However, HO, by converting heme to
biliverdin, reduces available heme pools which can be prooxidants (16).
Moreover bilirubin, generated by biliverdin reductase, a subsequent enzyme in
the heme catabolizing pathway has antioxidant properties. HO mRNA is in-
duced by many oxidant stresses, especially agents that deplete glutathione (37).
Therefore, examination of both MnSOD and HO gene expression in HMC after
exposure to asbestos or AOS is a sensitive tool to investigate whether
mesothelial cells are able to respond to oxidative stress. Results here also
provide indirect evidence supporting the hypothesis that asbestos-mediated
biological effects are mediated by AOS (13).

Our results show that HMC are not compromised in their ability to induce
gene expression of MnSOD or HO after exposure to oxidative stress. In HAL
cells, asbestos did not cause elevations in mRNA or protein levels of MnSOD,
and increased HO mRNA was observed only at highest concentrations of fibers
tested. However, X/XO induced gene expression of MnSOD and HO efficiently
in this cell type. These results suggest that distinct cell types may respond
differentially to certain oxidative stresses including asbestos.

A different temporal pattern of expression of HO also occurred in HMC and
HAL cells in response to X/XO. For example, in HAL cells, the response peaked
at 2 hours and was diminished at 8 hours, the time of maximal induction of HO
in HMC cells. The early peak in message levels of HO may reflect the fact that
continuous oxidant generation in this chemical generating system may be
self-limiting and attenuated with time. Alternatively, cells after initial induction
of HO may adapt to this oxidative stress with time in culture. Another interesting
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finding was the magnitude of increase in MnSOD immunoreactive protein in
HAL cells when compared to the minor increases observed in HMC in response
to X/XO, especially at 48 hours post exposure (Figures 7 and 12). Although
strict comparisons between cell types demand further study, the striking in-
creases in HAL cells in comparison to HMC suggest that differences might exist
in post-transcnptional regulation of antioxidant enzymes between various cell
types. -;^-A?^
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Abstract

To investigate the mechanisms of asbestos-induced carcinogenesis, expression
of C-/05 and c-y'u/i protooncogenes was examined in rat pleural mesothelial cells
and hamster tracheal epithelial cells after exposure to crocidolite or chrysotile
asbestos. In contrast to phorbol-12-myristate 13-acetate, which induces rapid
and transient increases in o/os and c-y'M/i mRNA, asbestos causes 2-5-fold
increases in c-/as and c-yw/i mRNA that persist for at least 24 hrs in mesothelial
cells. The induction of c-/os and c-yun mRNA by asbestos in mesothelial cells is
dose-dependent, and most pronounced with crocidolite, the type of asbestos
most pathogenic in the causation of pleural mesothelioma. Induction of c-yu/i
gene expression by asbestos occurs in tracheal epithelial cells, but is not
accompanied by a corresponding induction of c-/as gene expression. In both cell
types, asbestos induces increases in protein factors that bind specifically to the
DNA sites that mediate gene expression by the AP-1 family of transcription
factors. The persistent induction of AP-1 transcription factors by asbestos
suggests a model of asbestos-induced carcinogenesis involving chronic stimula-
tion of cell proliferation through activation of the early response gene pathway
that includes c-j'un and/or c-/os. .

Introduction ^ ..

Asbestos fibers are occupational carcinogens associated primarily with the
development of lung cancers and malignant mesotheliomas (1). Several types of
asbestos exist, most notably chrysotile [Mg^Si^K^OHJg], a serpentine fiber
that accounts for >90% of the asbestos used industrially, and crocidolite
[Na2(Fe^>2 (Fe^^SigC^OH^], a rod-like, more durable amphibole fiber that
is associated with a greater risk of pleural mesothelioma (1,2). «'

The mechanisms of carcinogenesis by asbestos are unclear. In addition to
fiber durability in the lung or pleura over the long latency period of tumor
development, several properties of asbestos may contribute to its pathogenicity.
Tumorigenic potential, cell transformation and chromosomal aberrations are
more pronounced with long, thin fibers (generally > 5 |im in length) in com-
parison to shorter fibers or particles of similar chemical composition (3, 4).
Thus, fiber geometry and size may be critical determinants of fiber car-
cinogenicity. Other factors, such as the generation of active oxygen species
(AOS) from redox reactions catalyzed on the fiber surface, or the release of AOS
or growth factors from cells of the immune system, also may mediate the toxic
or carcinogenic effects of asbestos (5).

Asbestos displays a variety of biological effects in different cell types. Human
mesothelial cells are exquisitely sensitive to the cytotoxic effects of asbestos (6),
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and asbestos causes both chromosomal aberrations and morphological transfor-
mation in human (6) and rodent mesothelial cells (7). In fibroblasts (8) and
epithelial cells (9), but not mesothelial cells (10). asbestos also enhances cell
transformation by other agents such as polycyclic aromatic hydrocarbons. These
results, and the lack of correlation between smoking history and the develop-
ment of mesothelioma in humans (1), suggest that asbestos fibers may be
complete carcinogens in the development of mesothelioma.

Asbestos, in comparison to cigarette smoke, is weakly carcinogenic in
epithelial cells of the respiratory tract. In experimental models using rodent
tracheal grafts, asbestos appears to act primarily as a cocarcinogen (11) or tumor
promoter (12), perhaps by facilitating the uptake, metabolism and/or DNA
binding of chemical carcinogens (13). Alternatively, asbestos causes chronic
inflammation and may foster the development of tracheobronchial neoplasms
by acting as a mitogen in a manner similar to the tumor promoter phorbol
12-myristate 13-acetate("12-O-tetradecanoylphorbol-13-acetate,"TPA)(l). Al
sublethal concentrations, chrysotile and crocidolite fibers cause proliferation of
epithelial (14) and mesothelial cells (15). Crocidolite asbestos causes increased
accumulation of diacylglycerol, hydrolysis of phosphatidylinositol and stimula-
tion of protein kinase C (PKC) activity in hamster tracheal epithelial (HTE) cells
(16, 17), suggesting that asbestos fibers initiate proliferation through second
messenger pathways similar to those activated by TPA.

Among other events, activators of PKC, including TPA, induce the expres-
sion of AP-1, a family of accessory transcription factors that interact with
regulatory DNA sequences known as TPA response elements (TREs) or AP-1
sites (18, 19). The family of AP-1 transcription factors that act through TREs
includes homo- and heterodimeric protein complexes encoded by the C-/05 and
c-yurt families of protooncogenes (19). In cell culture systems, expression of
both c-/as and c-yu/i is required for transition of the Gl phase and entry into the
S phase of the cell cycle (18). By analogy to viral systems, Fos and Jun proteins
are considered immediate early (or early response) gene products that regulate
the expression of other genes required for progression through the cell cycle (18,
19).

Here we report the effects of crocidolite and chrysotile asbestos on the
expression of c-/o.s and c-yw/i mRNA in rat pleural mesothelial (RPM) cells and
a diploid HTE cell line, a progenitor cell type of bronchogenic carcinoma (20).
Our results show that in RPM cells crocidolite asbestos is a potent and persistent
inducer of c-/as and c-yu/i mRNA and AP-1 DNA binding activity. Although in
HTE cells induction of c-yM/j mRNA by asbestos is not accompanied by coin-
cidental increases in c-/o.s gene expression, increases in AP-1 DNA binding
activity are observed. These studies suggest that asbestos may act as a mitogen
in carcinogenesis by persistently activating the early response gene pathway.
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Materials And Methods

j : Reference samples of National Institute of Environmental
Health (NIEHS) processed crocidolite and chrysotile (Jeffrey Mines, Quebec)
asbestos fibers were obtained from the Thermal Insulation Manufacturers As-
sociation (TIMA) Fiber Repository (Littleton, CO). Fiber numbers per unit
weight of NIEHS chrysotile (courtesy of A. Wylie, University of Maryland)
were <• 10-fold greater than those for NIEHS processed crocidolite asbestos
(courtesy of G. Hart, Schuller Mountain Technical Center, Littleton, CO) as
calculated using data from scanning electron microscopy. Preparations of
riebeckite, a nonfibrous particle similar chemically to crocidolite asbestos (21),
and polystyrene beads (average diameter 1.05 n.m, Polyscience) were used to
assess the influence of fiber geometry on gene expression.

CW/5 ami exposure fo /ey/ agente: RPM cells were isolated from the parietal
pleura of Fischer 344 rats by methods reported previously (22). Cells were
propagated for four passages in F12 medium (GIBCO) containing 10% fetal
bovine serum and hydrocortisone (100 ng/ml), insulin (2.5 ng/ml), transferrin
(2.5ng/ml) and selenium (2.5 ng/ml) (Sigma). HTE cells, isolated from the
tracheal epithelium of a neonatal hamster (20), were propagated in F12 medium
with 10% newborn bovine serum. Twenty-four hours prior to exposure of
confluent cultures to test agents, the growth medium was replaced with medium
containing 2% serum. Asbestos fibers and other particulates were suspended in
Hank's Balanced Salt Solution (GIBCO) at 1 mg/ml and added directly to
medium at final concentrations of 1.25 to 5.0 |lg/cm^ area of dish. These
concentrations of asbestos fibers were nontoxic to both cell types for at least 24
hrs as determined by total cellular protein (data not presented). TPA (Con-
solidated Midland, Brewster, NY) was added to medium at 100 ng/ml from a
stock solution of 1 mg/ml in acetone. Untreated cultures were removed from the
incubator and subjected to mock manipulations without changing the main-
tenance medium.

flM4 ('so/afio/i and Norr/iern Wo/ ana/ysw: Total RNA was prepared and
Northern blot hybridization was performed as described by Shull et al. (23).
cDNA probes for human o/os and c-yw/t were from Richard Gaynor (University
of California, Los Angeles) and were labeled with [a-^P]dATP by random
hexamer priming. Hybridization signals were quantified by measuring the
radioactivity on blots either directly with a model 603 Betascope Analyzer
(Betagen, Waltham, MA) or indirectly by densitometric analysis of autoradio-
graphs with a Microscan Densitometer (Technology Resources, Inc., Nashville,
TN). To ascertain the specificity of the c-/o,s and c-yun response, Northern blots
were rehybridized with a ^P-labeled cDNA probe for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (a gift from Ph. Jeanteur, Laboratoire de
Biochimie, Centre Paul Lamarque, France).
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Ge/ moto/iry sfc/r a$*i>5/or A/M DM4 lunging acfiv/fy: One nanogram of a
"P-end-labeled double-stranded oligodeoxynucleotide representing the fat-
specific element (FSE) that contains a TRE consensus sequence (i.e.,
TGACTCA) (24) was incubated with 2 ug of whole-cell extract (0.5 - 2.0 mg
protein per ml) in 40 mM Hepes buffer, pH 7.8/80 mM KC1 containing poly
[d(I-C)] at 200 Hg/ml in a total volume of 20 |il for 20 min at room temperature.
Whole cell extracts were prepared as described (25) except that final extract was
not dialyzed. Protein/DNA complexes were resolved by electrophoresis in
nondenaturing 4% polyacrylamide gels and visualized by autoradiography.

Results

To explore the effects of asbestos on the induction of early response genes,
confluent cultures of RPM cells were first exposed to crocidolite asbestos at a
concentration that causes cell proliferation />» v/7ro (14). At intervals from 30
min to 24 hr, total RNA was isolated for Northern blot analyses to ascertain the
levels of C-/05 and c-yun mRNA. In several experiments we compared c-/<w and
c-yw/j mRNA levels in cells treated with asbestos to the levels in untreated RPM
cells and in cells exposed to TPA. In all groups, including untreated cultures not
exposed to test agents, increased levels of c-/o.s and c-yun mRNA were observed
at 30 min (Figure 1). Because the increases that occur by 30 min were similar in
all groups, it is likely that these initial responses are nonspecific, as has been
observed by others (18, 19). In comparison to controls, RPM cells treated with
TPA yielded increased amounts of c-/o.s mRNA that reached peak levels after 1
hr and rapidly diminished to control levels thereafter (Figure 1, A and B). TPA
induced a similar accumulation of c-ywn mRNA in RPM cells; peak levels of
c-yw/i mRNA were observed by 1 hr after exposure and diminished thereafter
(Figure 1, A and C). The induction of c-/os and c-ywn by TPA in RPM cells was
potentiated by cycloheximide (data not shown), suggesting that TPA induces a
rapid and transient increase in the expression of o/os and c-yw/i mRNA in RPM
cells; such an increase is the hallmark of the early response gene pathway (18,
19).

In contrast, the kinetics of induction of c-/<?s and c-ywn mRNA in RPM cells
by asbestos differed from that observed with TPA. After 2 hr of exposure to
crocidolite fibers, the levels of C-/OJ and c-yn/i mRNA increased steadily for at
least 24 hr (Figure 1). Quantification of the Northern blot hybridization signals
showed that at 24 hr the levels of c-/ay and c-yw/2 mRNA in RPM cells exposed
to crocidolite asbestos were 2-5-fold higher than those in control cultures or
cultures treated with TPA (Figure 1, B and C). To determine whether the cellular
responses leading to the accumulation of c-/ay and c-yw/i mRNA were specific,
we reprobed the Northern blots presented in Fig. 1 with a cDNA probe for the
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"housekeeping" gene encoding GAPDH. In RPM cells, GAPDH mRNA levels
varied <15% between control and experimental groups.

To determine whether differences existed between responses of RPM cells to
either crocidolite or chrysotile asbestos, cells were exposed to different doses of
each fiber type for 8 hr, and the levels of mRNA encoding C-̂ M/J and c-/os were
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measured by quantitative Northern blot analysis. Both crocidolite and chrysotile
asbestos caused dose-dependent, persistent increases in C-/05 and c-y'wn mRNA
(Figure 2, A and B). When the response is evaluated as a function of fiber mass
(microgram of paniculate per unit area) these two fiber types appear similar in
their ability to induce o/os and c-y'un gene expression. However, if the dose is
evaluated as a function of the number of fibers per unit area (as there are more
chrysotile than crocidolite fibers per unit mass), crocidolite asbestos is a more
potent inducer of c-/os and c-yun mRNA expression in RPM cells than is
chrysotile asbestos. Increases in c-/o.y and c-yww mRNA were not observed with
polystyrene beads (Figure 2) or with riebeckite (data not shown) at a range of
particle concentrations.We next asked whether asbestos induces c-/os and c-y««
mRNA in HTE cells. Like RPM cells, untreated HTE cultures and cultures
exposed to asbestos displayed rapid and nonspecific increases in both c-/o.s and
c-yu/i mRNA levels at 30 min (Figure 3). After 30-min exposure to TPA, HTE
cells exhibited c-/os mRNA levels 4-to 5-fold greater than those observed in
control cells (Figure 3, B). In contrast to RPM cells, elevated levels of c-/o.y
mRNA were not observed in HTE cells at any later time after treatment with
TPA, chrysotile, or crocidolite asbestos (Figure 3, B). The c-y«« response in
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HTE cells also differed from that observed in RPM cells. In HTE cells, the
accumulation of c-yu/J mRNA in response to TPA occurred rapidly but persisted
for 4-8 hr before falling to control levels at 24 hr. With crocidolite asbestos,
elevated levels of c-yun mRNA were first observed 4 hr after addition of fibers
and increased steadily for at least 24 hr. These results clearly show that
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crocidolite asbestos induces elevated levels of mRNA for early response gene
products that persist for at least 24 hr. Moreover they indicate that the regulation
of c-/as mRNA levels in response to asbestos differs in HTE and RPM cells. In
HTE cells, the levels of GADPH mRNA varied less than 5% between control
and test groups (data not shown).

We used gel mobility shift assays to ascertain whether the induction of c-/o.s
and/or c-yM« mRNA was accompanied by increased levels of AP-1 transcription
factors. Whole cell extracts from treated and untreated cells were incubated with
a radiolabeled probe (FSE) containing the consensus sequence for AP-1 DNA
binding, and the resulting protein/DNA complexes were resolved in neutral
polyacrylamide gels (24). Induction of o/os and c-y«n mRNA in RPM cells by
asbestos was accompanied in time by increased levels of protein factors that
bound specifically to the AP-1 sequence (Figure 4). Note that the protein/AP-1
DNA complexes induced by TPA and asbestos comigrated and that after 24 hr,
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the level of AP-1 DNA binding activity induced by asbestos was about twice
that observed with TPA (Figure 4, A). Using a variety of specific and non-
specific competitors, as well as purified c-Fos and c-Jun proteins, we have
demonstrated that the protein/AP-1 DNA complex induced by asbestos com-
igrates with that produced by c-Fos/c-Jun heterodimers (data not shown). Al-
though we have not observed induction of c-/ay mRNA in HTE cells by
asbestos, exposure of HTE cells to asbestos fibers is accompanied by increases
in protein factors that bind specifically to the AP-1 DNA consensus sequence
(Figure 4, B). The induction of AP-1 binding activity in HTE cells may result
from the induction of Fral or another Fos-related gene product that is able to
dimerize with c-Jun (26).

Discussion

The c-/os and C-JU/I genes are members of multigene families that are transiently
expressed in response to a wide variety of environmental cues in both proliferat-
ing and nonproliferating cells (18,19). Both homodimeric complexes of theywn
gene-family products and heterodimeric complexes of the y'un and /os gene-
family products are able to bind a series of related DNA sequences and thereby
modulate transcription. Although /cw and jun have been implicated in the
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regulation of cell growth in v/rro and in vivo, immunolocalization studies show
that Fos is expressed at high levels in terminally differentiated cells (27). Thus,
the members of the/os and JM/J gene families may couple cell signalling events
at the cell surface to changes in gene expression that modulate cell-type-specific
responses that include proliferation, changes in phenotype, or even programmed
cell death (18. 19,27).

Here we have examined the effects of asbestos on the expression of r-/os and
c-yu/! mRNA in RPM and HTE cells. The asbestos was present at sublethal
amounts that induce the proliferation of both cell types (14, 15). In response to
TPA, both RPM and HTE cells displayed the transient increase in c-/os and c-/'w/i
mRNA that is the hallmark of the early response gene pathway. In contrast, the
patterns of expression of these protooncogenes were dissimilar in the two cell
types after exposure to asbestos. While crocidolite and chrysotile asbestos
induced a dramatic increase in c-/ay mRNA in RPM cells, c-/o.y mRNA was not
induced by these agents in HTE cells, showing that the regulation of c-/0j gene
expression in response to asbestos varies in different cell types. In both RPM
and HTE cells, asbestos induced increases in c-y'u/i mRNA that persisted at high
levels (nearly 5-fold over untreated controls) for at least 24 hr. The persistent
induction of c-yw/j and/or c-/cs mRNA is significant, as induction of transcrip-
tion by AP-1 binding proteins requires sustained expression of these factors
(28).

The induction of gene expression in RPM cells by asbestos is dose-dependent
and not observed with polystyrene beads (Figure 2) or riebeckite (data not
shown), nonfibrous and noncarcinogenic particles which do not induce
proliferation in cell or organ cultures (14, 21). These data suggests that fiber
geometry is a critical determinant in the sustained induction of c-/os and c-ywn
transcription and/or mRNA stabilization.Our results suggest a model for the
induction of neoplastic disease by asbestos (Figure 5). By persistently activating
the early response gene pathway, asbestos may induce chronic cell proliferation
that subsequently contributes to carcinogenesis in lung and pleura (29, 30). The
model is consistent with data that show increases in diacylglycerol and stimula-
tion of PKC precede asbestos-induced cell replication (16, 17). Here we have
shown that these cell signaling responses are accompanied by the accumulation
of c-yn/1 and/or c-/os mRNA and the concomitant formation of AP-1 transcrip-
tion factors that bind specific regulatory DNA sequences. Based on studies in
other systems (18,19), we suggest these early gene responses are representative
of the events that initiate progression through the cell cycle. Durable asbestos
fibers may therefore provide a persistent growth stimulus during long latency
periods of tumors and thereby contribute to the eventual fixation of genetic
changes caused by asbestos itself or other agents. Alternatively, induction of
c-/o.s and c-yw/j may affect changes in cell phenotype that contribute to neoplastic
transformation.
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It is noteworthy that the accumulation of c-yu/J and/or 0/05 mRNA occurs in
RPM and HTE cells in the absence of intermediary cells of the immune system.
This suggests that growth factors or other substances released from immune
cells are not required to elicit the early gene response by asbestos fibers. Rather,
our data suggest that the induction of chronic cell proliferation may be an
inherent property of asbestos fibers. Thus, both an enhanced capacity to activate
the early response gene pathway and pronounced biopersistence may be critical
factors in the increased pathogenicity of crocidolite as compared to chrysotile
asbestos (1,2).
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ABSTRACT

Occupational exposure to asbestos can lead to development of pulmonary
fibrosis, bronchogenic carcinoma, or mesothelioma, diseases resulting from
aberrant proliferation. To study mechanims of proliferation, we examined
mRNA expression of c-/os and c-y'H/i protooncogenes in rodent tracheal
epithelial cells (HTE) and pleural mesothelial cells (RPM), the progenitor cells
of bronchogenic carcinoma and mesothelioma, respectively, after exposure to a
number of different fibrous materials or particles to determine the properties of
paniculates important in protooncogene induction. In addition, mRNA levels of
omithine decarboxylase (ODC) were measured comparatively as a marker of
proliferation. In comparison to crocidolite asbestos, less striking increases in
c-yun mRNA were observed in HTE cells after exposure to man made vitreous
fiber-10 (MMVF-10) or refractory ceramic fiber-1 (RCF-1). No c-/os mRNA
was detected in HTE cells after exposure to fibers, at all timeperiods tested.
Increases in mRNA levels of ODC were observed in HTE cells after exposure
of all fibers tested. Exposure of HTE cells to the active oxygen species (AOS),
H2O2 caused striking increases in mRNA levels of both c-/os and c-jun which
preceded increases in ODC mRNA. In RPM cells, crocidolite asbestos caused
increases in mRNA levels of c-/os and c-ywn that were more striking in com-
parison to MMVF-10 or RCF-1. However, erionite, a fiber extremely potent in
the causation of mesothelioma in man, caused more striking increases in c-/ay
and c-yun mRNA in comparison to asbestos. Nonfibrous particles did not alter
protooncogene expression in these cell types suggesting that the fibrous
geometry of particulates is critical in the induction of c-/os and c-yw/j protoon-
cogenes.

INTRODUCTION

Asbestos is a family of fibrous mineral silicates which possess great tensile
strength, flexibility and heat resistance. Asbestos fibers are subdivided into two
families; serpentine asbestos, with chrysotile asbestos as its only member, and
amphibole asbestos, a family which contains crocidolite and several other fibers
(1). Inhalation of asbestos fibers can lead to inflammation and a variety of
malignant and non-malignant pulmonary disorders depending upon the extent
of exposure and the type of asbestos that is inhaled. Most notably, inhalation of
amphibole asbestos is more apt to give rise to bronchogenic carcinoma and
mesothelioma, malignant diseases with average latency periods of 20 or more
years and 35-40 years, respectively (1).
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A hallmark of asbestos exposure is an inflammatory process elicited at the site
of injection or after inhalation of fibers into the lung. Since asbestos causes
chronic inflammation by elaboration of active oxygen species (AOS) and/or
growth factors (2), it may act as a mitogen in the development of
tracheobronchial neoplasms or mesothelioma, similar to the tumor promoter,
12-O-tetradecanoylphorbol-13-acetate (TPA), applied on mouse skin (3).
Studies showing increased accumulation of diacylglycerol, hydrolysis of phos-
phatidylinositol (4), and stimulation of protein kinase C (PKC) activity (S) after
exposure to asbestos, also suggest that second messenger pathways triggered at
the surface of the cell by asbestos might be similar to those activated by TPA.

Cell signaling events triggered by asbestos or the tumor promoter, TPA, can lead
to cell proliferation. For instance, in tracheal epithelial cells, asbestos and TPA
cause induction of omithine decarboxylase (ODC) (6), a rate limiting enzyme in
biosynthesis of polyamines, compounds required for cell proliferation, and
involved in tumor promotion (7,8). Studies employing different preparations of
fibrous and non-fibrous participates imply that fibrous nature is important in
induction of ODC and cell proliferation (9). Moreover, AOS appear to be
involved in the elevation of ODC activity caused by asbestos (6). For example,
addition of generating systems of AOS to tracheal epithelial cells I/I vz'/ro, causes
increases in gene expression and enzyme activity of ODC in a fashion similar to
asbestos. Increases in ODC mRNA levels and enzymatic activity by asbestos
also can be prevented in cells exposed simultaneously to scavengers of AOS (6).
Thus, in addition to their involvement in cell and tissue damage (10), AOS also
appear to mediate cell proliferation induced by asbestos.

Several studies have shown that agents inducing PKC also lead to induction of
C-/OJ and c-yun protooncogenes. c-/as and c-yu/i are immediate early genes
involved in transition of the G1 phase and entry into the S phase of the cell cycle.
Moreover, members of the /OJ and yw/i gene family can dimerize to form the
transcription factor, AP-1(11). The tumor promoter, TPA, has served as a model
system to investigate gene expression of members of the/os andy'un gene family
and causes a characteristic pattern of induction of these protooncogenes. Since
asbestos exposure appears to trigger some of the same cell signaling pathways
as TPA, we were interested in whether asbestos could increase gene expression
of members of the/os/yMn gene families. Recently, we have demonstrated that
asbestos causes prolonged induction of c-/as and c-y«« gene expression in
hamster tracheal epithelial (HTE) cells and rat pleural mesothelial (RPM) cells,
the progenitor cells of bronchogenic carcinoma and mesothelioma, respectively
(12). In comparison to TPA, induction of c-/as and c-ywn mRNA levels in HTE
or RPM cells after exposure to asbestos was delayed, but more persistent.
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Interestingly, differences in patterns of c-/ay and c-y'u/i gene expression were
observed in the different cell types. For example, asbestos induced c-yw/j gene
expression in both RPM and HTE cells. However, no induction of C-/05 was
observed in HTE cells. In RPM cells, asbestos caused dramatic increases in
mRNA levels of both c-/os and c-yu«. Furthermore, induction of both protoon-
cogenes was most pronounced with crocidolite, the type of asbestos most
pathogenic in the induction of mesothelioma, in comparison to chrysotile asbes-
tos. No alterations in mRNA levels of c-/o.s and c-ywn were reported in RPM cells
after exposure to polystyrene beads, a non-carcinogenic paniculate control.
These studies indicate that prolonged induction of c-/ay and c-y«n protoon-
cogene expression can lead to chronic stimulation of cell proliferation and
provide a model of asbestos-induced carcinogenesis (12).

Asbestos minerals have multiple applications in a variety of industrial and
domestic settings. Due to the documented carcinogenicity of asbestos, alterna-
tive fibers are being tested and developed by industry. Many of these naturally
occurring and synthetic substitutes are fibers (i.e possess a length to diameter
ratio > 3:1), but differ from various types of asbestos in their chemical and
physical characteristics. Although some of these fibers have been extensively
studied for fibrogenic or carcinogenic effects in chronic inhalation studies in
laboratory animals, others have been poorly characterized for their ability to
elicit pulmonary disease (13). Due to the long latency periods of asbestos-in-
duced tumors, short term bioassays are needed to study the biological effects of
mineral dusts on cells in culture (14,15).

In the present study, we investigated the potency of different natural and
synthetic fibers, and a non-fibrous analog of asbestos, to induce c-/or and c-yu/j
protooncogenes in hamster tracheal epithelial (HTE) and rat pleural mesothelial
(RPM) cells. The goal of the present work was; i) to investigate whether
induction of c-ywn and/or c-/os in these cell types occurred after exposure to
non-asbestos fibers; ii) to compare different preparations of fibers to determine
whether patterns of c-/o* and c-yu/j protooncogene induction are similar, and; iii)
to establish an J>J vj/ro model to predict the potential carcinogenicity of fibers.
Since AOS are important mediators of asbestos-incuced toxicity and cell
proliferation, we were also interested in determining whether the AOS,
hydrogen peroxide (H2O2) could induce c-/os and c-yw/i protooncogenes in a
fashion similar to asbestos. In addition, we measured mRNA expression of ODC
as an indicator of cell proliferation to determine whether a relationship exists
between increases in mRNAs for c-y'a/i and/or c-yfo protooncogenes and mRNA
levels of ODC.
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MATERIALS AND METHODS

par/jcw/arw.- Reference samples of National Institute of
Environmental Health Sciences (NIEHS) processed crocidolite and chrysotiie
asbestos fibers were obtained from the Thermal Insulation Manufacturers As-
sociation Fiber Repository (T.I.M.A., Littleton.CO). Man Made Vitreous Fiber-
10 (MMVF-10) and Refractory Ceramic fiber-1 (RCF-1) were also provided by
T.I.M.A. Erionite form Rome, Oregon was obtained from Dr. Reg Davies (MRC
Pneumoconiosis Unit, Penarth, Wales)(16). Riebeckite, a non-fibrous analog
chemically identical to crocidolite asbestos (6) and polystyrene beads (Polys-
ciences Inc., Warrington, PA)(12) were used as a paniculate controls. The
physical characteristics of fibers and particles are described in Table 1.

Mean diameter Mean length
Urn urn

Crocidolite*
Chrysotiie^
MMVF-10*>
RCF-1»»
Polystyrene beads*
Riebeckite (34)
Erionite (27)

0.27
0.08
1.36
1.07 •,„;
1.05
0.8=
0.8«

11.4
1.1

19.8
f 24.0

_ •

—

* . . . 6.0

fry rca/ining e/ecfron microscopy (/2),' **Dafa ootoin^d by p/ww
microscopy (Dr. G. //ar/, MoHrtfain 7"ec/injca/ Ce«/er, L(7f/eton, CO., /WJWW/ tom-

va/«cs.

Ce// cu/r«re: HTE cells, isolated from tracheal epithelium of a neonatal hamster
(17), were propagated in F12 medium containing 10% newborn bovine serum
(GIBCO). RPM cells were isolated from the parietal pleura of Fisher 344 rats as
described elsewhere (18). Cells were maintained and passaged in F12 medium
containing 10% fetal bovine serum (GIBCO), 100 ng/ml hydrocortisone, 2.5
^ig/ml insulin, 2.5 jig/ml transferrin, and 2.5 ng/ml selenium (Sigma). Cells were
grown to confluence and 24 hours prior to addition of mineral dusts, the growth
medium was replaced with medium containing 2 % serum. Mineral dusts were
sterilized at 225 °F for 12-15 hours, suspended in Hank's Balanced Salt Solution
(GIBCO) at 2 mg/ml, sonicated for 4 minutes in a sonicator bath, and triturated
8X though a 22 gauge needle, as described previously (6). Fibers were added
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directly to the medium at final concentrations of 1.25-25 ng/cm^ area of dish.
Hydrogen peroxide (H2O2) was diluted in phosphate buffered saline (pH 7.4)
and added to the cell culture medium directly.

/?M4 wo/ar/ort and Aforf/imi fc/o/ ana/vMs: Total RNA was extracted from cells
according to the method of Chomszynski and Sacchi (19) and used in Northern
blot Hybridization (20). c-/ay, c-yu/i, and ODC cDNAs were labeled with
[a-^P]dATP by random hexamer priming as described elsewhere (12).
Hybridization signals were quantitated by measuring the radioactivity on blots
directly with a model 603 Betascope (Betagen, Waltham, MA) or indirectly by
densitometric analysis of the autoradiographs (Protein and DNA Imageware
Systems, Huntington Station NY). Representative blots were reprobed with a
["P]-labeled cDNA probe encoding glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) to ascertain the consistency of RNA contents of blots. c-/<«
and c-yun plasmids were obtained from R. Gaynor (University of California, Los
Angeles). A cDNA encoding ODC was generously provided by P. Coffino
(Chiron Corp, Emeryville, CA)(21). A GAPDH cDNA-containing plasmid was
a gift from P. Jeanteur, Laboratoire de Biochimie, Centre Paul Lamarque,
France. ,
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Figure 1 shows the time course of gene expression of c-/o.y and c-yun in HTE
cells after 2,4, 8, and 24 hours of exposure to crocidolite asbestos or H2O2. In
HTE cells exposed to asbestos, increases in mRNA levels of c-yw/i are apparent
after 4 hours of exposure with maximum increases at 24 hours (Figure IB).
However, no alterations in steady state mRNA levels of c-/ay are observed in
this cell type after exposure to asbestos at any time points studied (Figure 1A).
In contrast, exposure of HTE cells to 100 ̂ .M of H2O2 caused dramatic increases
in mRNA levels of both C-/05 and c-ywrt. After 2 hours of exposure, C-/05 and
c-y'Mfl steady state mRNA levels were highest, decreasing to control levels after
24 hours of exposure. No alterations in c-/as mRNA and only moderate in-
creases in C-JM« gene expression were observed in HTE cells after exposure to

As described in experiments above, no elevations in c-/as mRNA were detected
after exposure of HTE cells to asbestos, whereas striking increases were ap-
parent after exposure to 100 p.M of H2O2 (Figure 2A). Dose dependent increases
in c-y"un mRNA levels were observed in HTE cells following graded increases
of either crocidolite or chrysotile asbestos (Figure 2B). Increases in c-y«/» mRNA
levels were most pronounced with crocidolite asbestos when compared to
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ajoejfos or //2O2. / /T£ ce//5 were grown co con/7Mente and jw/fc/ted i o 2 %
confa/n/ng med/um 24 Aowrspr/or /o addi'r/on o/fe^/ agente. Croci'do/jfe aiftej/oj,
in //BSS waj added direcr/y ro r«e mediMm ar a/ina/ co/ic«n/ra/io/i o/2.5 ^g/tTn^ area
w/jerea5 //2O2 waj added to m^d/uw in a/ina/ concenfra»'on o / / 0 or 700 (iM. i4^er 2, 4, S,
and 24 nowrs o/expo^wre, tote/ /WVA wai exrracred and /Vor/nern 0/0/ ana/y^is per/orwied.

were nyferi'd/'zed H»I7/I ^^/*-/afee/ed cDAM profeej entod/ng C-/05 or c-ywi-
were ^wanf;7a/̂ d di'recf/y on a flefcwcope a/id r«M/rs are ejcprewed »n cpm

5.E.MJ.

chrysotile asbestos, especially when evaluated as a function of fiber numbers per
area of dish (see bottom panel Figure 2B). To evaluate whether induction of
c-y'un mRNA levels was observed specifically after exposure to asbestos fibers,
we exposed HTE cells to a variety of fiber types or particles for 24 hours, the
time period of maximal response of c-jun mRNA after asbestos exposure (12).
As shown in Figure 3, exposure of HTE cells to 5 or 25 jig/cm* crocidolite
asbestos for 24 hours caused 2-3 fold increases in c-y'ufl mRNA levels. Examina-
tion of MMVF-10 and RCF-1 fibers at equal mass concentrations of fibers,
revealed less striking (< 2 fold) increases in mRNA levels of c-ywn. In addition,
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exposure of HTE cells to riebeckite, a non-fibrous analog chemically identical
to crocidolite asbestos, did not alter c-ywn mRNA levels. These data suggest that
c-yj.71 induction in HTE cells is related to fibrous geometry and most pronounced
with crocidolite asbestos fibers.
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To determine whether proliferate events occurred in HTE cells following
exposure to mineral dusts, we examined mRNA levels of ODC. Figure 4 shows
a time course of ODC mRNA expression in HTE cells after exposure to 2.5
Hg/cm^ of crocidolite asbestos or 10 and 100 u\M of H2O2. After 8 hours of
exposure to 2.5 |i.g/cm^ crocidolite asbestos, increases in ODC mRNA levels
were observed in HTE cells. Increases were approximately 3 fold compared to
controls after 24 hours of exposure. Exposure of HTE cells to H2O2 for 8 or 24
hours also resulted in increases in mRNA levels of ODC (Figures 4 and 5).
Results indicate that increases in c-yMfl mRNA levels parallel asbestos-induced
increases in ODC mRNA. However, increases in c-yu/i gene expression
preceded increases in mRNA levels of ODC after exposure of HTE cells to
H2O2.

Induction of ODC by asbestos in HTE cells is dose dependent and observed after
exposure to both types af asbestos (Figure 5). Striking increases in ODC mRNA
levels were observed in cells treated with higher concentrations (5 and 25
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)̂ of crocidolite asbestos for 24 hours (Figure 6). In addition, exposure of
HTE cells to MMVF-10, RCF-1, or riebeckite also resulted in increases in ODC
mRNA (Figure 6).

Examination of RPM cells revealed a different pattern of c-/ay and C-JM/I

protooncogene induction by asbestos compared to HTE cells. As shown pre-
viously, asbestos caused striking increases in mRNA levels of both C-/05 and
c-yun in RPM cells (12). Induction of both genes in RPM cells was dose
dependent and most pronounced with crocidolite asbestos, when compared to
chrysotile (12). Figure 7A shows ODC mRNA levels in RPM cells after
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exposure to crocidolite, chrysotile, or polystyrene beads for 8 hours. Only
modest increases were detectable in RPM cells at highest concentrations of
asbestos used. After 24 hours of exposure of RPM cells to asbestos, ODC
mRNA levels were increased in RPM cells exposed to crocidolite asbestos, but
not after exposure to chrysotile asbestos or polystyrene beads (Figure 7B). The
magnitude of increases in ODC mRNA levels following exposure to asbestos
were less pronounced in RPM cells in comparison to HTE cells.

We next evaluated whether exposure to a number of different particulars
caused increases in c-/os and c-y'w/J mRNA in RPM cells. Figure 8 shows mRNA
expression of c-/os and c-ywn in RPM cells after 8 hours of exposure to
crocidolite asbestos, MMVF-10, RCF-1 or riebeckite. Striking increase in c-/ay
and c-y'M/i mRNA levels were observed in RPM exposed to 2.5 |i.g/cm* of
crocidolite asbestos. However, addition of MMVF-10, RCF-1 fibers or the
particle, riebeckite, did not alter steady state mRNA levels of protooncogenes.
A subsequent study examining higher concentrations of these fibers (5-25

)̂ revealed increases in c-/ay and c-yu/i mRNA levels after exposure to
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l
MMVF-10 or RCF-1 at 25 ng/cm* (Figure 9). Erionite, a naturally occurring
fiber associated with the development of mesothelioma in man (22) induced
C-/OJ and c-yun mRNA levels at extremely low concentrations (0.1-5 ng/cm^) of
fibers tested (Figure 9). However, a dose dependent increase in protooncogene
expression was not observed using crocidolite at these high concentrations (10
and 25 *

138



2 8 S -

1 8 S -

2 8 S -

1 8 S -

A.

1

B.

. 8

» M
0

24

MM
0

hrs

MM
125

(

M
2.

pg/

M
5
c m '

M l
5

1

Crocktotite

hrs

MM
125

M
2

M
.5

'fc'

M • 4
5

*

uu
.5

' •

Mil
i

1 2.5
2

Chrysotile

' » « i i M

2 5 5

V D .

U U
9

A

1 M«1*«M

as 9
lyg/cm*)

Polystyreot
beads

• - ' - ^

(yg/cm'l (pg/cm*l
Crocidolite Chrysotile Polystyrene

; beads

A. 8 hrs B. 24 hrs

Q.
U

I I Control

^ | Crocldollt*

ITm Chryiotil* 0*g/em*)

I I Poty«tyr»n» baodl

1.25 2.5 5 .5 1 2.5 5 2.5 5 0 1.25 2.5 .5 t 2.9 5

Figure 7. Steady tfate /eve/* of ODC m/WV/4 /n
oeadf. /?PAf cW/s w^re ejtpo^d to

iryson/f aiow/os or po/yjO""^"
Nor/tern Wor ana/y5« per/ormcd.

ce//j a^er «po5Mr«r to ajoMtoj or
co/KWifrafio/u of CTOt/do//7e

art «n

139



A. c-fos

B. c-jun

2 8 S -

1 8 S - * •

GAPDH

2 8 S -

18S-

4 S«£lf a,

0 2.5 1.25 2.5 S

pg/cm*) <pg/cm*>
Croc. MMVF-10

5 2.5 5 S 2.5 5

(pg/cm*) lug/cm*)
RCF-1 Riebeckite

A. c—fos I I Control
H Crocidollte (>*g/cm J

MMVF-10
RCF-1
Rieb«ckite (jig/cm j

2.5 1.25 2.5 5 1.25 2.5 5 1.25 2.5 5

Figure 8. Steady rtate m/WVA fevek o/c-/oi M) am/ C-;MI W in /?/*M c^to a^er S
«upo«<r^ /o d((ferfw /ifccrj or porf/cM/ar«. /JPAf CW/J a/ co/i/7M«/ice were exposed /o
crociao/ife ajoeifos a/ 2.5 ng/cw*, or to MMVF-/0, flCF-7 or Weoecfafe af 7.25, 2J , or 5
Hg/cm .̂ ̂ e r * /tours o/ej^oswre, /UVA was iso/a/ed/or NorrAer« Wo/ a/w/ys«"s. /Jesu/fs are
expressed in cpm Cm«a« + S.£^f.). Gi4/»Dr/ m/JA/A /eve/s are SAOHTI ro co/i^rm eaua/ TWA
comen/s.

140



A. c-fos B. c-jun

I I Central
• I CrvcMoM* (p«/om*)
rrm

RCf-1

ErtonKal

0 9 10 29 9 10 23 3 10 23 .1 J 3 0 9 10 13 1 10 23 S 10 29 .1 S »

Figure 9. Stoufy «a/* mAWA fcv*/s o/r-/w M; am* r-yiin (B) »n WM rrtfj a/far A Aourj o/
«pojiw? /o rrac-i<ft>/ite aiftwfoj, MMVF-V0, ami /?CF-/ f«f«/ af fcg/
(5-25 (ig/cm^) or crioniVe (0.7-5 (ig/cm^j. CC//J were exposeJ /o t/i«;j/or 5 Aowrj,

O/C-/OJ and c-jitfi
+ S £ A /

DISCUSSION

The properties of asbestos fibers that are important in the causation of cancer are
not well understood. However, tumorigenic potential is most pronounced with
long thin fibers (>5 ujn in length) in comparison to shorter fibers or particulates,
indicating that fiber size and geometry are critical in fiber carcinogenicity. In
addition, fiber durability and persistence in the lung and pleura may be important
in tumor development (1). For example, amphibole asbestos fibers which give
rise to mesothelioma in man display longer persistence in human lungs in
comparison to chrysotile, which is rarely associated with mesothelioma (23).
Whereas asbestos is a complete carcinogen in the development of
mesothelioma, asbestos appears to act primarily as a tumor promoter or cocar-
cinogen in the development of bronchogenic carcinoma, perhaps by facilitating
the uptake, metabolism and/or DNA binding of chemical carcinogens (24).

Studies by our laboratory and others have suggested that active oxygen species
(AOS) are important mediators of asbestos-induced disease. AOS are generated
by inflammatory cells such as macrophages and polymorphonuclear leukocytes
during attempted phagocytosis of long asbestos fibers (16). Alternatively AOS
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are formed by redox reactions occurring on the fibers, in absence of cells
(25,26). Evidence for a role of AOS in asbestos-induced lung disease stems from
a number of studies demonstrating that cytotoxicity caused by asbestos exposure
in different target cells can be prevented by simultaneous exposure of cells to
antioxidants (27). Studies in our laboratory have demonstrated that acute lung
damage, inflammation and pulmonary fibrosis can be ameliorated in rats inhal-
ing crocidolite by systemic adminstration of the antioxidant enzyme catalase
(10). Exposure of organ cultures of tracheal epithelium to asbestos gives rise to
squamous metaplasia, a benign lesion sometimes regarded as premalignant in
nature (28). Addition of generating systems of AOS to tracheal epithelium also
gives rise to this lesion (29), suggesting that AOS might be involved in asbes-
tos-induced aberrant proliferation of tracheobronchial epithelial cells. Studies
showing that concomittant exposure of cells to antioxidants ameliorates induc-
tion of ODC by asbestos, also demonstrate a role of AOS in asbestos-induced
cell proliferation (6).

In the present study, we examined induction of c-/as and c-jun protooncogenes
by asbestos in different target cells of asbestos-induced disease. Since AOS
appear to mediate certain proliferative events triggered by asbestos, we deter-
mined comparatively whether the AOS, H2O2 elevated c-/ar and c-yw/i protoon-
cogene expression in the same fashion. Our results show that exposure of HTE
cells to H2O2 for 2 hours causes a dramatic induction of c-/os and c-ywn
protooncogenes which decreased to control levels at 24 hours. Interestingly, no
mRNA levels of C-/05 were observed in HTE cells after exposure to asbestos
indicating that AOS production by asbestos may be insufficient to induce c-/ay
in these cells. Alternatively, other members of the/as//M/j gene family might be
induced in HTE cells both asbestos and H2O2. Recent experiments also indicate
that C-/05 and c-yw/J are not induced in RPM cells after addition of H2O2 or
generating systems of AOS. Yet, under these conditions, gene expression of
manganese containing superoxide dismutase and heme oxygenase (enzymes
induced by oxidants) is elevated, indicative of an oxidant stress response
(Janssen et al., in preparation). These results indicate that the pathways of C-/05
and c-yu/i activation triggered by asbestos and AOS in the HTE or RPM cells are
different.

Steady state mRNA levels of ODC are increased in HTE cells after exposure to
asbestos or H2O2, indicating that proliferative events occur after exposure to
these agents (Figure 4). Since asbestos and H2O2 cause different patterns of c-/as
and c-jwn gene expression in HTE cells, these results suggest that different
molecular pathways of cell proliferation may be activated by various oxidative
stresses.
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An interesting finding of the results presented here is that fibrous dusts with
differing carcinogenic potentials lead to a different magnitude in c-/os and C-JMI

protooncogene induction. As demonstrated previously, when evaluated on a
fiber number basis, crocidolite is more potent in increasing c-/rw and c-yM/i gene
expression in RPM cells, in comparison to chrysotile asbestos (12). In the
present study, we demonstrated the same effect on c-yu/i mRNA levels in HTE
cells (Figure 2). Exposure of HTE or RPM cells to non-fibrous particulates did
not alter mRNA levels of C-/05 and c-yu/i (12) (Figures 3 and 8). These results
suggest that the fibrous nature of asbestos appears to be important in induction
of protooncogenes. Examination of other fiber types, including man made
vitreous fiber-10 (MMVF-10) and refractory ceramic fiber (RCF-1), showed
less striking increases in c-y'wn mRNA levels in HTE cells, in comparison to
asbestos (Figure 3). In RPM cells, similar results with MMVF-10 and RCF-1
fibers were found. Increases in c-/as and c-yu/i gene expression were only
demonstrated at the highest concentrations tested (Figure 9).

Epidemiological studies investigating occupational exposure to man made
mineral fibers and the development of pulmonary neoplasms showed limited
evidence of an increased incidence of tumor development (13,30). Two recent
studies evaluating the carcinogenic potential of MMVF and RCF fibers in
rodents showed no increases in lung tumors or mesotheliomas after inhalation
of MMVF-10 fibers (31,32). In contrast, pulmonary tumors and mesotheliomas
were observed in rats following inhalation of RCF. Thus, ceramic fibers appear
to be more pathogenic than other man made mineral fibers examined so far in
rodent inhalation models, presumably due to their increased durability in the
lung or pleura. However, intrapleural or intratracheal injection techniques have
demonstrated the development of tumors following administration of either
fiber, indicating that both MMVF-10 and RCF-1 (as well as a number of other
fiber types) have the capacity to cause tumors if present at the target site in
sufficient concentrations (13,30). In the present study we demonstrated that
MMVF-10 fibers and RCF-1 fibers elevate c-/as and c-yun protooncogene
expression in two target cells of asbestos-induced disease i.e. the pleura!
mesothelial cell and the tracheal epithelial cell. However, in comparison to
asbestos, protooncogene induction is less pronounced after exposure to MM VF-
10 or RCF-1 fibers. Increases in mRNA levels of ODC that occur concomittantly
suggest that proliferative effects occur in HTE cells treated with MMVF-10 or
RCF-1 fibers. Our studies suggest that induction of the/os/yu/j gene family by
these fibers might be involved in chronic cell proliferation.

Erionite, a fiber extremely potent in inducing mesothelioma in man (22) and
rodents (33), caused more striking increases in mRNA expression of c-/os and
c-yw/i in RPM cells, when compared to crocidolite asbestos (Figure 9). Thus,
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examination of activation of the early response gene pathway in target cells of
tumor development after exposure to asbestiform fibers might aid in identifying
potential harmful dusts.
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9 Summary and General Discussion

Responses of cells and tissues to a number of different oxidant stresses are
complex. Some genes which are induced are unique to the type of oxidant stress
which is applied, whereas other responses appear to be more general. Alterations
in components of the antioxidant system, including increases in gene expression
and/or protein levels of manganese-containing superoxide dismutase (MnSOD)
are common responses. However, other stress responses are related to cellular
differentiation status and growth behavior of cells. Certain gene products appear
to be involved in growth arrest whereas others are indicative of increased
proliferation (chapter 2). In this thesis, molecular stress responses were studied
in rodent lung or isolated target cells following exposure to selected mineral
dusts. Since active oxygen species (AOS) are important mediators of mineral
dust-induced lung disease, molecular responses to mineral exposure may be
comparable to other oxidant stresses. The studies described in this thesis reveal
alterations in antioxidant defenses, dependent on the type of mineral used.
However, other responses observed in rodent lung or different target cells after
exposure to AOS or mineral dusts were related to increases in proliferation
(chapters 2 and 3).

Inhalation of mineral dusts can lead to development of a number of different
lung diseases, including fibrosis, bronchogenic carcinoma or mesothelioma (1).
Numerous studies have indicated that AOS have an important role in the
etiology of these diseases (2). In this thesis, the effects of mineral dusts on the
antioxidant enzyme (AOE) system were studied in whole rat lung as well as
pulmonary target cells of asbestos-induced disease /« v/7ro. In rat lung, inhala-
tion of 7-10 mg/m' of crocidolite asbestos caused increases in gene expression
of AOE and overall increased AOE activities. In contrast, inhalation of cris-
tobalite silica, at equal airborne mass concentrations, caused dramatic increases
in mRNA expression and protein levels of MnSOD. Gene expression of other
AOE remained mostly unaltered and no increases in activities of AOE were
observed following cristobalite inhalation. Thus profiles of AOE appeared to be
dissimilar in rat lung during the development of asbestosis or silicosis (chapter
4). A subchronic study using 10-fold lower airborne concentrations of cris-
tobalite silica or two different preparations of titanium dioxide (TiO^ substan-
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tiated previous findings and revealed dramatic increases in gene expression and
protein levels of MnSOD in lung or cells obtained from bronchoalveolar lavage,
after inhalation of cristobalite. Ultrafine TiOj-Degussa, which caused dramatic
inflammation, pulmonary damage and fibrosis also caused increases in gene
expression and protein levels of MnSOD, similar to cristobalite. TiC^-Fisher, a
larger particle which did not give rise to inflammation or fibrosis failed to alter
mRNA or protein levels of MnSOD (chapter 5). These studies indicate that
measurement of mRNA or protein levels of MnSOD in lung is a sensitive marker
for inflammation caused by exposure to mineral dusts giving rise to pulmonary
fibrosis.
Increases in gene expression of AOE observed in rat lung following inhalation
of mineral dusts, including asbestos and silica can be regarded as a response to
mineral dust-induced oxidative stress which could lead to adaptation to sub-
sequent oxidant insults. However at the high airborne concentrations of mineral
dusts applied in our inhalation models (7-10 mg/m'), antioxidant defenses might
be overwhelmed and cell and tissue damage ensue. In this respect, gene expres-
sion of CuZnSOD, catalase and GPX was never elevated more than twofold, and
enzymatic activities of AOE following asbestos inhalation showed similar
increases. Moreover, inhalation of cristobalite or TiO2 did not result in increases
of AOE activities in whole rat lung. These results suggest that increases in AOE
might be insufficient to protect the lung from mineral dust induced oxidative
damage. Alternatively, local increases in AOE defenses can occur in rat lung
which might not be measurable employing homogenates of lung. In support of
this, increases in immunoreactive protein of MnSOD occur in type II
pneumocytes of rat lungs, following inhalation of crocidolite asbestos or cris-
tobalite, whereas other cell types of the lung only display minor labeling of
MnSOD, or no labeling at all (3).

Exposure of human pleural mesothelial cells to asbestos or generating systems
of AOS (xanthine plus xanthine oxidase, X/XO) I/I viVro, resulted in increases in
gene expression of MnSOD. Moreover mRNA levels of heme oxygenase (HO),
an enzyme sensitive to oxidative stress, were also induced in these cells follow-
ing exposure to asbestos or X/XO. Examination of human adult lung fibroblasts,
a cell type less sensitive to the cytotoxic effects of asbestos or X/XO, showed
less striking increases in gene expression of MnSOD or HO in response to these
agents. These results indicate that oxidative stress responses occur in human
pleural mesothelial cells following exposure to asbestos or AOS m v/fro.
Although human mesothelial cells are exquisitely sensitive to asbestos or AOS,
they are not compromised in their ability to respond defensively to oxidative
stress (chapter 6).
As described above, rodent lungs or human pulmonary target cells respond to
high concentrations of asbestos with increases in antioxidant defenses. How-
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ever, the extent and localization of these responses might not be adequate to
protect the lung and pulmonary disease arises. During the development of
mineral dust-induced pulmonary disease, a number of proliferative alterations
are observed in different cell types of the lung. For example, mRNA levels of
omithine decarboxylase (ODC), an enzyme intrinsic to cell proliferation, were
increased in rat lung following inhalation of asbestos or silica (chapter 3).
Furthermore, gene expression and enzymatic activity of ODC were increased in
HTE cells after exposure to asbestos m v/fro (4). Evidence for the involvement
of AOS was obtained by administration of antioxidants which ameliorated these
increases (S). Since molecular events involved in mineral dust-induced
proliferation are not well understood, mRNA levels of c-/<w, c-yu/t, or ODC were
determined in tracheal epithelial (HTE) or pleura] mesothelial cells (RPM)
following exposure to asbestiform minerals. Asbestos caused dramatic increases
in mRNA levels of c-/os and c-yun that persisted for at least 24 hours in rat
pleural mesothelial cells. Induction of c-yu/i gene expression by asbestos also
occurred in tracheal epithelial cells, but was not accompanied by a correspond-
ing increase in c-/os gene expression. In both cell types, asbestos induced
increases in protein factors which bind specifically to DNA containing AP-1
sites (chapter 7). The induction of c-yu/j and/or c-/ay gene expression was dose
dependent and most pronounced with crocidolite asbestos, the most pathogenic
in the causation of pleural mesothelioma (chapters 7 and 8). In comparison to
asbestos, other mineral fibers, including man made vitrous fibers or refractory
ceramic fibers caused less striking increases in expression of these genes at the
highest concentrations that were studied (chapter 8). Moreover, the fibrous
nature of asbestos was critical in protooncogene induction since riebeckite, a
non-fibrous paniculate analog chemically identical to crocidolite asbestos, or
polystyrene beads did not induce gene expression of c-/o* or c-yu/t. Exposure of
tracheobronchial epithelial cells or mesothelial cells to AOS directly revealed
patterns of induction of c-/ay and c-yurt which differed from the asbestos-induced
expression of these genes. These results indicate that the pathways activated
after asbestos or AOS exposure leading to induction of these early immediate
genes are distinct. In HTE cells, increases in c-y'urt mRNA paralleled increases
in gene expression of ODC after asbestos exposure. This indicates that induction
of the immediate early gene pathway by asbestos is accompanied by changes in
expression of another gene essential in cell proliferation (chapter 8). Persistent
activation of AP-1 transcription factors by asbestos fibers may be involved in
chronic stimulation of cell proliferation. These studies suggest that asbestos may
act as a mitogen in carcinogenesis or in induction of fibrosis by persistently
activating the early response gene pathway.
The long protraction period of mineral dust-induced lung damage in man
necessitates development of test systems which enable investigators to assess
toxic risks and health effects associated with exposure to mineral dusts (6). A
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number of different systems have been used in the risk assessment of mineral
dusts. These include; rodent inhalation studies, intrapleural and intraperitoneal
injection techniques, organ cultures, and in vi'fro culture systems employing
homogeneous cell populations (7,8). All of these techniques have advantages
and limitations. For instance, one pitfall of rodent inhalation studies is the
limited life span of the animal which can lead to false negative results when
assessing risks for development of tumors, which in rodents normally appear
around the end of the life span after inhalation of mineral dusts. In several cases,
minerals known to produce tumors in man were negative in these studies. Thus,
alternatives to inhalation studies emerged i.e. intrapleural or intraperitoneal
injection techniques, to deliver mineral dusts directly to the target site;
mesothelial cells. In these systems every mineral with the right size dimensions
that was injected produced tumors, even those minerals not associated with
mesothelioma in man. These false positive test results are the result of lack of
consideration of mineral durability and pulmonary clearance mechanisms. How-
ever, these studies provide important information on the potential of a mineral
to elicit disease once reached the target site (9). Usage of homogeneous cell
populations to determine responses of mineral have important advantages be-
cause they enable studies of molecular alterations within cells and the relation-
hip to a number of endpoints; toxicity, increases defenses, or increased/aberrant
proliferation. Thus the early events trigerred within the cell that precede disease,
including fibrosis, bronchogenic carcinoma or mesothelioma can be delineated.
Furthermore, the properties a selected paniculate that are important in the
development of disease can be identified. For example, usage of different size
preparations of a mineral, comparison of different mineral dusts, and pre-ex-
posure of cells to selected inhibitors are approaches to reveal such properties.
These studies aid in the development of markers which can be used in molecular
epidemiological studies designed to identify individuals at risk for development
of mineral dust-induced lung disease or detect early pulmonary responses to
mineral dusts. Molecular biological techniques have become important tools in
toxicological studies, in part due to the extreme sensitivity which enables studies
on a small number of cells, and alternatively because these techniques allow
analysis of genetic alterations triggered in individuals after exposure to toxins,
including mineral dusts, and their relationship to disease formation or progres-
sion (9,10).

This thesis focused in part on alterations in antioxidants caused by mineral dust
and presents MnSOD as a potential marker to identify pulmonary reactions to
mineral dusts giving rise to inflammation, pulmonary damage and fibrosis.
Studies to validate use of MnSOD in mineral dust-exposed individuals are being
initiated.
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Samenvatting

Blootstelling aan anorganisch stof op de werkplek kan leiden tot het ontstaan
van een aantal longafwijkingen van maligne of niet maligne aard. Blootstelling
aan asbestvezels kan fibrose (asbestose), mesothelioom, en longkanker (bron-
chogeen carcinoom) veroorzaken. Daamaast leidt blootstelling aan silicahou-
dend stof voornamelijk tot long fibrose (silicose). Het ontstaan van een longaan-
doening na expositie aan mineraal stof is afhankelijk van een aantal faktoren,
onder andere, het type mineraal stof, de dosis die in de long achter blijft, en ook
de individuele gevoeligheid. In de afgelopen jaren is gebleken dat zuurstofradi-
calen een belangrijke rol spelen in de pathogenese van longafwijkingen geindu-
ceerd door mineraal stof. Dit proefschrift bestudeert de moleculaire respons
geinduceerd door mineraal stof in rattelong en eel cultures. Hoofdstuk 2 be-
schrijft de moleculaire respons van cellen en weefsels na blootstelling aan
zuurstofradicalen, of agentia die aanleiding geven tot vorming van zuurstofradi-
calen; hierbij is eveneens aandacht besteed aan vezels en partikels van minerale
oorsprong om de respons die door stof geinduceerd worden te kunnen vergelij-
ken met die geinduceerd door zuurstofradicalen. Hoofdstuk 3 belicht de rol van
zuurstofradicalen in de toxiciteit van mineraal stof met meer diepgang. Sommi-
ge factoren die geinduceerd worden lijken uniek, afhankelijk de oxidatieve
stress die gebruikt wordt. Andere eiwitten blijken juist vrij algemeen en worden
in verschillende modellen van oxidatieve stress geinduceerd. Een voorbeeld
hiervan is bijvoorbeeld het mangaan superoxide dismutase (MnSOD), een van
de antioxidant enzymen. Bovendien hebben eiwitten die geinduceerd worden na
oxidatieve stress geheel vershillende fucties. Sommige zijn antioxidanten, ter-
wijl andere juist verband hebben met de differentiate status van de eel, of zelfs
met verhoogde proliferatie. Wat met name naar voren komt in de hoofdstukken
2 en 3 is dat ook eiwitten die geinduceerd worden door mineraal stof heel divers
zijn. Hoewel antioxidanten geinduceerd worden, met een mogelijk beschermen-
de werking, worden en tegelijkertijd proliferatieve effekten waargenomen die
aanleiding kunnen geven tot longafwijkingen als fibrose, bronchogeen carci-
noom en mesothelioom. Deze veranderingen in antioxidant enzymen, en daar-
naast proliferatieve effekten vormen het kader van dit proefschrift (Hoofdstuk
I,figuur2).
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Hoofdstukken 4 en 5 beschrijven de regulatie van antioxidant enzymen in
rattelong na inhalatie van crocidoliet asbest, cristobaliet silica, of twee verschil-
lende titaandioxides (TiCh). waarvan e"e"n ultrafijn. Wat duidelijk naar voren
komt uit deze studies is dat de verschillende mineralen aanleiding kunnen geven
tot een verschillende mate van longbeschadiging of inflammatie en al dan niet
leiden tot fibrose. Daamaast worden componenten van het antioxidant enzym-
systeem op verschillende wijze beinvloed. Inhalatie van crocidoliet asbest leidt
bijvoorbeeld tot verhoogde genexpressie van de antioxidant enzymen, verhoog-
de eiwitniveaus van MnSOD en tot verhoogde antioxidant enzymactiviteiten in
rattelong op verschillende tijdstippen na blootstelling. Cristobaliet silica laat een
ander patroon zien: De genexpressie en eiwitniveaus van MnSOD in long zijn
enorm verhoogd. Daarentegen was de expressie van de andere enzymen en ook
enzymactiviteiten onveranderd. Een subchronische inhalatie studie met cristo-
baliet, bij tienvoudig lagere blootstellingsconcentraties gaf hetzelfde resultaat.
De twee verschillende preparaten van TiO2 leverden geheel verschillende resul-
taten op. Ultrafijn TiO2-D veroorzaakte een acute long beschadiging, inflamma-
tie, en leidde tot fibrose, terwijl TiO2-F geen inflammatie veroorzaakte en de
long nauwelijks aantastte. MnSOD genexpressie en eiwitniveaus waren signifi-
cant verhoogd in longen van TiO2-D blootgestelde ratten terwijl TiO2-F inhala-
tie geen invloed had op MnSOD genexpressie of eiwitniveaus. Andere antioxi-
dant enzymen bleven relatief onveranderd. Uit deze studies bleek dat MnSOD
genexpressie direct correleerde met de inflammatie in de long (hoofdstuk 5).

Blootstelling van pleurale humane mesotheel cellen of humane long fibro-
blasten aan asbestvezels of zuurstofradicalen leidde eveneens tot veranderingen
in antioxidant enzymen. Blootstelling van humane mesotheel cellen aan asbest
of xanthine/xanthine oxidase (X/XO, een zuurstofradicalen genererend sys-
teem) leidt tot verhoogde genexpressie van MnSOD. Daarnaast is genexpressie
van het haemoxygenase, een enzym dat gevoelig is voor oxidatieve stress
eveneens verhoogd. In humane longfibroblasten, een cell type minder gevoelig
voor het cytotoxische effekt van asbest, werden na blootstelling van asbest of
X/XO geringere verhogingen in genexpressie van MnSOD of haemoxygenase
waargenomen. Deze studie geeft aan dat een oxidatieve stress respons wel
degelijk optreedt in de humane mesotheel cellen na blootstelling aan asbest of
zuurstofradicalen (hoofdstuk 6).

Gelijktijdig met veranderingen in antioxidant enzymen werden er in rattelong en
eel cultures, blootgesteld aan asbest ook proliferatieve veranderingen waarge-
nomen. De moleculaire mechanismen verantwoordelijk voor de proliferatie
veroorzaakt door minerale stoffen zijn nog onbekend. In het tweede gedeelte
van dit proefschrift worden dan ook de moleculaire processen die geactiveerd
worden in de eel door asbestvezels en het verband met chronische longafwijkin-
gen bestudeerd. Hierbij is gebruik gemaakt van cultures van hamster tracheale

1S3



epitheel cellen of rat pleurale mesotheel cellen. Asbest veroorzaakt een blijven-
de induktie van zowel c-/ay als c-yun protooncogenexpressie in mesotheel
cellen. DNA bindingsactiviteit van de AP-1 transcriptiefactor, opgebouwd uit
jun/jun homodimeren of fos/jun heterodimeren, is eveneens verhoogd. Het
crocidoliet asbest, de vezel die mesothelioom veroorzaakt, leidde tot een sterke-
re verhoging van C-/05 en c-y'M/i genexpressie vergeleken met het chrysotiel
asbest. De negatieve controles riebeckiet, een deeltje chemisch identiek aan
crocidoliet en polystyreen plastic veroorzaakten geen veranderingen in c-/<?.$ of
c-yWi. Andere 'man made mineral fibers' induceerden genexpressie van c-/as en
c-yw/j in geringere mate dan asbest. Studies met tracheale epitheelcellen tonen
aan dat asbest c-yu« genexpressie persistent induceert. De genexpressie van
C-/0.S daarentegen blijft onveranderd in hamster tracheale epitheelcellen na
asbestbloolstelling. Ook in de tracheale epitheel cellen leidt asbestblootstelling
tot verhoging in AP-1 DNA bindingsactiviteit. Dit betekent dat asbest de 'early
gene response pathway' chronisch activeert hetgeen kan leiden tot de chroni-
sche longafwijkingen die geassocieerd zijn met asbestblootstelling (hoofdstuk-
ken 7 en 8).

De lange latentie periode van longziekten geinduceerd door mineraal stof maakt
het noodzakelijk dat risico's die samenhangen met blootselling aan minerale
stoffen vroegtijdig onderkend worden. Daarnaast is het wenselijk om longafwij-
kingen in blootgestelde individuen vroegtijdig op te sporen en die individuen
die risico lopen op het onstaan van een longafwijking te identificeren. Door de
responsen van cellen en/of weefsels na blootstelling aan minerale stoffen in
kaart te brengen en het verband van deze responsen met chronische afwijkingen
te bestuderen, kunnen markers geselecteerd worden die in moleculair epidemio-
logische studies gebruikt kunnen worden voor de hiergeschetste doelstelling. In
dit proefschrift komt naar voren dat MnSOD zo'n marker zou kunnen zijn.
MnSOD wordt geinduceerd in modellen van oxidatieve stress en na blootstel-
ling aan minerale stoffen die in de rat leiden tot acute long beschadiging,
inflammatie en fibrose. Momenteel worden er studies geinitieerd om genexpres-
sie van MnSOD te meten in arbeiderspopulaties blootgesteld aan minerale
stoffen, om gebruik van deze marker te valideren.
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