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Abstract: Pneumoconiosisthat pursuesa chronic coursemay result from repeated injury and repair
caused by dust particlesthat remain in the lungs, leading to fibrosis. We will introduce in vivo
studies concer ning these processes using animals exposed to man-made mineral fibersand asbestos.
Wewill report on whether there are developmental changeswith themineral fiber and animal model
in proinflammatory cytokine, chemokine, freeradicals, proteinase and other genesthat lead toinjury,
aswell asin genesthat effect repair such as growth factor, and we will also report on the effects of
surfactant protein and clara cell secretory protein on fibrosis.
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Abbreviation
MMMFs. man-made mineral fibers
JFM: Japan Fibrous Material
RF1: refractory ceramic fibers
PT1: potassium octatitanate whiskers
TNF: tumor necrosis factor
IL-1: interleukin-1
IL-6: interleukin-6
TGF-a: transforming growth factor-a
PDGF. platelet-derived growth factor
IL-1RN: IL-1 receptor antagonist
IL-1R:  interleukin-1 receptor.
MIP-2:  macrophage inflammatory protein-2
8-0H-dG: 8-Hydroxydeoxyguanosine
iNOS: inducible nitric oxide synthase
MMPs.  matrix metalloproteinases
TIMPs: tissueinhibitors of metalloproteinases
IGF: insulin-like growth factor

*To whom correspondence should be addressed.

EGF: epidermal growth factor
CCSP:  claracell secretory protein
SP: surfactant protein

TTF-1:  thyroid transcription factor 1

Introduction

Large numbers of the different types of man-made mineral
fibers (MMMFs) are being used as substitutes for asbestos.
The concern for these materials having similar
physiochemical properties to ashestos exists because some
fibers can cause pulmonary fibrosis.

Pneumoconiosis which pursues a chronic course, can be
considered the result of aseries of events comprising repeated
inflammation and repair due to the continued presence of
dust in the lungs, eventually leading to fibrosis?. Animal
studies of pneumoconiosis induced by exposure to mineral
fibers by intratracheal instillation or inhalation have made
amajor contribution to our understanding of the underlying
pathology of pulmonary fibrosis>®. Gene expression of
many factorsis thought to contribute to pulmonary fibrosis
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Fig. 1. Lungremodeling exposed to dusts.

in asbestos-induced disease. Figure 1 shows the process of
pulmonary fibrosis and the fibrosis-related genes induced
by mineral fibers. Explained simply, ashestosfibersdeposited
in the lung lead to the activation of alveolar macrophages.
Alveolar macrophages and parenchymal and epithelial cells
release proinflammatory cytokines, such as tumor necrosis
factor (TNF), interleukin-1 (IL-1), and interleukin-6 (IL-
6), and other cytokineswhich augment cellular inflammation.
Release of oxidants and proteinases by these cells may lead
to lung injury. Some growth factors signal interstitial
fibroblaststo replicate and modul ate production of connective
tissue proteins. The accumulation of inflammatory cells,
fibroblasts, and connective tissue matrix leadsto lung injury
and angiogenesis, resulting in fibrosis and carcinoma. In
this paper, we review the results of animal studies with
asbestos and man-made mineral fibers according to the
various fibrosis-related genes.

Standard fibers are required to evaluate the effects of fibers
on the human body. Japan Fibrous Material standard
reference samples, which include man-made mineral fibers,
arenow used instead of UICC asbestos. A total of ten standard
reference samples of minerd fibers were well-characterized® ©
and prepared for use in in vitro and in vivo biological
experiments. Thisreview includes currently reported in vivo
experiments done in which JFM standard reference samples
were used.

of lung tissues

Proinflammatory Cytokines

Typical proinflammatory cytokines include TNF, IL-1,
and IL-6. TNF has attracted interest for both itsrole in
inflammation and its involvement in collagen deposition
and other aspects of the repair process, since it has been
shown that TNF antibodies inhibit silica-induced collagen
accumulation® and that an interstitial pneumonia-like disease
state occurs in transgenic mice with elevated TNF levels”.
IL-1 has similar effects to TNF, but levels of IL-1 do not
increasein theinflammation phase®. IL-6isamultifunctional
cytokine which exhibits both inflammatory and anti-
inflammatory action?. |L-6 appearsto have aninflammatory
effect, asit has been shown that alveolitis occurs as a result
of overexpression of human IL-6 and IL-6 receptorsin the
lungsof ratsfollowing adenovector-mediated transfer of these
genes by intratracheal instillation'®, and lymphocyte
infiltration of the lung is seen in transgenic mice exhibiting
overexpression of these genes.

Tsudaet al.? noted changesin expression of genesinvolved
in pathologic changes and remodeling in the lungs of rats
after exposureto refractory ceramic fibers (RF1, one of JFM
standard references) or potassium octatitanate whiskers (PT1,
one of JFM standard references) by inhalation for 12 months.
Mild fibrotic changes were seen in the lungs of the PT1-
exposed rats, but no appreciable change was evident after
exposure to RF1. The fact that IL-6 and TNF-a gene
expression in lung tissue was greater in the PT1-exposed
rats than in the RF1-exposed animals suggests that thereis
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Fig. 2. Geneexpression of clara cell secretory protein in ratslungs exposed to potassium octatitanate

whiskers.

acorrelation between these genes and the fibrotic potential
of mineral fibers. Morimoto et al.™ investigated gene
expression of IL-1, TNF, and IL-6 in lung tissue or alveolar
macrophagesin rats after exposure to four types of mineral
fibers(chrysotile, crocidolite, refractory ceramic fibers(RF1),
and potassium octatitanate whiskers) by intratracheal
ingtillation for four weeks. IL-1 and IL-6 gene expression
was accelerated in the rats exposed to crocidolite and
potassium octatitanate whiskers, which exhibit high fibrotic
potential, suggesting that these factors are good biomarkers
of pathologic potential.

Liu et al.*? found that mice with genes for both the 55
kDaand 75 kDareceptors for TNF-a knocked out failed to
develop fibroproliferativelesions after inhalation of asbestos,
suggesting that decreased expression of transforming growth
factor-a (TGF-a) and platelet-derived growth factor-A
(PDGF-A) playsarole.

Studies of fibrosisand polymorphismsof proinflammatory
cytokines have been afocus of interest®. |n the presence
of one of these polymorphisms, the IL-1 receptor antagonist
(IL-1RN) which bindsto the IL-1 receptor (IL-1R type 1),
does not €elicit aresponse. A single base variation of this
occurs at position +2018 in the IL-1RN. In addition, a
polymorphism in the TNF locus has been identified in the
promoter region (-308) of the TNF-a gene. Whyte et al.*®
found that IL-1RN (+2018) allele 2 and TNF-a (-308) allele
2 are significantly more common in patients with fibrosing
alveolitis, suggesting that these polymorphisms confer
increased risk of developing fibrosing alveolitis and,
therefore, that unopposed IL-13 and/or excessive TNF-a
may play a pathophysiologic role in this condition. The
TNF (-308) polymorphism is reported to be common in coal
miner pneumoconiosis¥, but it isunclear whether this causes
overproduction of TNF, since there was no rise in TNF

release. However, further research with asbestos and man-
made mineral fibersis required, since genetic mutations
caused by environmental exposure are also a possibility.

Chemokines

Factorsinvolved in neutrophil and macrophage migration
include chemokines, such as|L -8, macrophage inflammatory
protein-2 (MIP-2), and KC*. These are heparin-binding
proteinswhich belong to the C-X-C cytokinefamily. Studies
conducted in recent years have shown that C-X-C chemokines
are also involved in angiogenesist®, and that the second
structural domain determines angiogenic potential.

IL-8 isreleased by various cells and also playsarolein
neutrophil-induced tissue injury by stimulating neutrophil
granule release and active oxygen production, aswell as by
stimulating neutrophil migration'”. Rats and mice'® % have
chemokines such as MIP-2 and KC instead of IL-8 as seen
inhumans. These chemokinesare homologousto the growth-
related protein family purified from supernatant from cultured
human melanoma cell lines and, like IL-8, have a potent
stimulatory effect on neutrophil chemotaxis'”. Driscoll
reported that MIP-29 played a major role in mediating the
neutrophilic inflammatory response of the rodent lung to
particles such as quartz, crocidolite asbestos, aswell ashigh
doses of other relative innocuous dusts such as titanium
dioxide. The sources of MIP-229 in the rodent lung after
particle exposure include macrophages as well as epithelial
cells.

Ishihara et al.?? studied gene expression in lung tissue
after intratracheal instillation of mineral fibersin rats.
Exposure to fibrous titanium dioxide whiskers or amosite
increased in total protein and expression of cytokine-induced
neutrophil chemoattractant / growth-regulated gene, but
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exposure to nonfibrous titanium dioxide did not. It was
concluded from these findings that whisker-induced acute
biological effectsin the lung may be related to the shape of
thewhiskersand not to their chemical composition or surface
crystal structure, showing biological effects similar to those
of UICC amosite. Damageto alveolar and airway epithelia
cells, major sources of chemokines, may also be the first
step in pulmonary inflammation and fibrosis. 1n a study by
Hagimoto et al.??, bronchiolar epithelial cells underwent
apoptosis and also secreted |L-8 in response to Fas ligation
following exposure of airway epithelial cells to anti-Fas
antibody. Attention hasfocused on therole played by airway
and alveolar epithelial cells in inflammation caused by
exposure to mineral fibers, since alveolar and airway
epithelial cell damage is also observed in patients with
pneumoconiosis and animal models of the condition? 2,
and IL-8 is produced in response to stimulation of alveolar
epithelia cells by asbestos.

Active Oxygen (Reactive Oxygen Species) and
Proteases

Active oxygen

Alveolar macrophages and neutrophils phagocytose
mineral fibers, resulting in the production of superoxide and
other active oxygen species due to the action of NADPH
oxidase®. Active oxygen leads to tissue destruction, cell
death, and cell proliferation by causing membrane damage
due to lipid peroxidation, protein oxidation, and DNA
damage. 8-Hydroxydeoxyguanosine (8-0H-dG) is typical
of reactive oxygen specieswhich induce mutagenic oxidative
DNA damage. Asbestos aso induces the release of reactive
oxygen species from neutrophils and macrophages®,
suggesting that asbestos directly damages DNA through the
action of reactive oxygen species. Adachi et al.?” compared
the potential of asbestos and man-made fibersto attack DNA
based on measurement of 8-0H-dG yields, and found that
asbestos induced higher 8-0H-dG yields than man-made
fibers. Yamaguchi et al.?® investigated 8-0H-dG levels and
8-0H-dG repair activity in lung tissue after intratracheal
instillation of mineral fibers in hamsters. Crocidolite
enhanced 8-0H-dG and its repair activity, but glass fibers
did not. These results suggest that not only 8-0H-dG, but
also 8-0H-dG repair activity, are useful for evaluating the
effect of fibers on oxidative DNA stress. In a study of
inducible nitric oxide synthase (iINOS) gene expression in
alveolar macrophages after intratracheal instillation of four
types of mineral fibers (chrysotile, crocidolite, refractory
ceramic fibers (RF1), and potassium octatitanate whiskers)
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in rats, Morimoto et al.*¥ found that only exposure to
crocidoliteincreased INOS geneexpression. Further research
isneeded, since nitric oxide radicals and peroxynitrite anions
are also potent radicals produced viaiNOS.

Matrix metalloproteinases and tissue inhibitor of
metalloproteinases

Matrix metalloproteinases (MMPs) are a family of zinc
and cal cium-dependent endopeptidases that play akey role
in extracellular matrix remodeling in the lung®. MMPs
have the combined ability to degrade the various components
of connective tissue matrices, specifically directed to
extracellular matrix components™. However?, the activities
of MMPs are controlled at several levels, including their
interactions with specific inhibitors, the tissue inhibitors of
metalloproteinases (TIMPs)?®. MMP-1and -13 areinterdtitial
collagenases that specifically degrade connective tissue
fibrillar collagen (type | collagen), and MMP-2 and -9 are
gdatinasesthat degradetypelV globular basement membrane
collagen®®. Morimoto et al.*Y examined gene expression
of MMPs, TIMPs, and collagen in the rat lung and alveolar
macrophages exposed to mineral fibers and/or cigarette
smoke. Theminera fibersand cigarette smoke had combined
effects on the expression of MMP-2 and -13 and TIMP-1,
suggesting that MM Ps and TIMPs may be associated with
remodeling of lung tissue induced by two agents.

Growth Factor

Growth factors play an important role in pulmonary
remodeling by regulating mesenchymal cell proliferation
and extracellular matrix production, and are primarily made
up of PDGF, insulin-like growth factor (IGF), TGF-3, and
epidermal growth factor (EGF). Aswell asbeing chemotactic
for fibroblasts and smooth muscle cells, PDGF is a
competence factor which induces progression from theresting
stage to early G1in the cell cycle. IGF-1is structurally
related to proinsulin and isaprogression factor which induces
transition through G1, S, and G2 to mitosis®.

EGF and TGF-a belong to the EGF family and both bind
to EGF receptors and are functionally very similar. These
factors promote the proliferation of interstitial cells, such
asfibroblasts and endothelia cells, aswell asepithelial cells,
and play an important role in re-epithelialization, including
epithelial cell chemotaxis and proliferation®™. Progressive
fibrosisalso occursin thelungs of transgenic mice exhibiting
overexpression of TGF-a.

TGF-Bisamultifunctional cytokine with three isoforms
(TGF-B1-3)inlungtissue. It hasadiverserange of functions,
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including promoting the production of extracellular matrix
components, such as collagen and fibronectin, inhibiting
interstitial cell proliferation, and inhibiting inflammatory
cell function. Theform of expression of thesethreeisoforms
variesdepending on the cell and disease state, and differences
in their expression have also been reported in relation to
pulmonary fibrosis* %,

Dai et al.®® exposed rat tracheal explants to amosite
asbestos, iron oxide, or titanium dioxide and maintained the
explantsin air organ culture. Asbestos produced significant
increases in gene expression of PDGF-A, TGF-3,, TGF-a,
and procollagen, and caused a small increase in
hydroxyproline. It was concluded that mineral dusts can
induce airway wall fibrosis by directly upregulating
proliferative and fibrogenic mediators as well as matrix
components, and that neither airspace nor circulating
inflammatory cells are required for these effects. Titanium
dioxide increased PDGF-B and TGF-a expression, but there
were no findings indicative of collagen proliferation®. Lee
et al. used immunohistologic staining to study expression
of TGF-f and IGF in lung tissue in rats after intratracheal
instillation of crocidolite. Their findings demonstrated
different immunostaining patterns for IGF-1 and TGF-£in
asbestosis, with IGF-1 in the cellular periphery and three
TGF-Bisoformsin the extracellular matrix consistent with
acomplementary role in stimulating interstitial fibroblast
proliferation and new collagen deposition in areas of active
fibrosis.

Brass et al.® reported less marked asbestos deposition
and inflammatory cell infiltration at bronchiolar-alveolar
duct junctions in the 129 inbred mouse strain than in the
C57BL/6 inbred strain after inhal ation exposure to asbestos,
and suggested that a reduction in TNF-a and TGF-3;
expression wasinvolved in theseresponses. Recent studies®
have also shown that the expression of renin-angiotensin
system components and the elevation of angiotensin-
converting enzyme levels also stimulate fibroblast
proliferation. Marshall suggests™ that angiotensin |1 induces
human lung fibroblast proliferation via activation of the
angiotensin type 1 receptor and this involves the autocrine
action of TGF-£.

Surfactant Protein and Clara Cell Secretory
Protein

Surfactant protein produced mainly by alveolar type Il
epithelial cells and Clara cell secretory protein (CCSP)
produced by Claracells are believed to be closely involved
in inflammation or fibrosis*®. These factors are also
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commonly used asbiomarkers of lesion activity in pulmonary
fibrosis. Surfactant protein (SP) is a complex of tissue-
specific protein and lipoprotein. Four types, from A to D,
have been analyzed to date. Attention has focused on the
hydrophilic proteins SP-A and SP-D. SP-A“) actsasacontrol
tower governing the production and recovery of
phospholipids which reduce surface tension. This helpsto
inhibit the progression of fibrosis by preventing alveolar
collapse. SP-D* is a glycoprotein with a collagen-like
structure similar to that of SP-A and is reported to play a
rolein phospholipid metabolism and |ocal immune defence™.

CCSPisisolated from human bronchoalveolar lavagefluid
(BALF) asaprotein (CC10) with amolecular weight of 10
kDaby SDS-PAGE, and is one of the proteins produced
and secreted specifically by Clara cells™. It exhibits anti-
inflammatory and antithrombotic activity, sinceitsfunctions
are homol ogous to those of rabbit uteroglobin®?. Johnson
et al.* observed anincreasein IL-1 and IL-6 expression in
the lung tissue of CCSP knockout mice exposed to high
concentrations of oxygen, and concluded that CCSP is
involved in the inhibition of inflammatory cytokines. The
fact that CCSP also inhibited the migration of fibroblastsin
lungs in which PDGF was activated in vitro suggests that
the protein also has an inhibitory effect on fibrosis™.

SP-A and CCSP concentrations are decreased inthe BALF
of patients with idiopathic pulmonary fibrosis, suggesting
some impairment of fibrosis-inhibiting mechanisms®.
However, unlikein idiopathic pulmonary fibrosis, levels of
SP-A and CCSP areincreased in the BALF of patients with
silicosis and asbestosis*®. This difference appears to be
attributable in part to differencesin the severity of peripheral
epithelial damage. We studied SP-A, CCSP, and thyroid
transcription factor 1 (TTF-1) gene expression in lung tissue
after intratracheal instillation of potassium octatitanate
whiskers (PT1), which is believed to cause pulmonary
fibrosis, for between three days and six months*). Gene
expression of these factors decreased not only in the acute
stage, but in the chronic stage aswell, suggesting thisdecrease
may play arolein pulmonary fibrosis. A reductionin SP-
A, CCSP, and TTF1 gene expression in the acute and chronic
stages was also noted in a study of intratracheal instillation
of silicon carbide (data not shown). These results differ
from those for silicosis and asbestosis, but the exact reason
isunclear. Itispossiblethat in animal studies, intratracheal
instillation causes extensive peripheral airway damagein
the acute stage, and the results of long-term inhalation studies
are therefore awaited with interest.

Most investigations of the effects of fibers on the human
body have exposed animals to asbestos and made-made
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mineral fibers, but few have compared man-made fiberswith
asbestos. Sinceit will be difficult in future to use standard
ashestos, such as UICC asbestos, studies using substitutes
with already-known physicochemical properties will be
important for evaluating the pathogenicity of newly
developed mineral fibers and should provide additional
experimental data on new standard fibers.
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