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Appendix B
Functional Job Categories

for RCF Workers

Table B–1. Functional job categories for RCF workers

Functional 
category Definition General examples Additional comments

Fiber manufac-
turing

The production or manu-
facture of RCF bulk
or blanket, except in a
supervisory capacity.
Includes all job func-
tions on the production
line, from mixing the raw
ingredients to packaging
the finished product (bulk
or blanket) at the end of
the line.

Raw materials, furnace man,
furnace operator, or assistant
furnace operator

Production worker or relief

Blanket line

Working leader

Needler

Slit/cut/pack

Line utility

Utility operator

Chopper operator

End of line, bagging of bulk RCF

End of line trimming, rolling,
and packaging of RCF blanket

None to date

Finishing Cutting or machining RCF
materials after fiber
manufacture. Hand or
power tools may be used
in finishing operations.

Operating die stamp on RCF
blanket or paper except for
automotive applications

Sawing, slotting, trimming,
or filing casting tips or riser
sleeves

Cutting blanket for duct wrap

Working in an area where
finishing is taking place but
not personally working with
RCFs unless in a supervisory
capacity or in other auxiliary 
operations.

(Continued)

Adapted from Maxim et al. 1997.
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Table B–1 (Continued). Functional job categories for RCF workers

Functional 
category Definition General examples Additional comments

Finishing
(Continued)

Cutting or trimming RCF board
or other vacuum-formed RCF
material capacity

Sanding RCF board or other
vacuum-formed RCF material

Loading sander

Off-line cutting and tandem
rerolling and/or repackaging
of RCF blanket

Cutting or trimming RCF mod-
ules for use in appliances

Milling or routing RCF board
or other vacuum-formed RCF
material

Off-site cutting of batten strips
from RCF blanket

EXAMPLE: Unloading dry
forms from the drying
oven and taking them to
the finishing area for final
shaping, or packaging shapes
immediately after finishing
would be considered finish-
ing. However, unloading dry
forms from an oven and tak-
ing them to be packaged, or
packaging shapes that come
directly from the drying
oven would be considered
auxiliary operations.

Installation Building or manufactur-
ing industrial furnaces or
boilers, refinery or petro-
chemical plant equip-
ment, kilns, foundries,
electric power generators,
and industrial incinera-
tors at end user locations.  
Includes furnace mainte-
nance. Does not include
factory manufacture of
industrial furnace compo-
nents.

Installing hardware or modules

On-site cutting (trimming)
modules to fit

Caulking and filling gaps

Wrapping molds with RCF

Spraying or pumping RCF cast-
able material inside furnace

Cutting and installing laid-in
blanket

Working inside furnace dur-
ing the installation of RCF
materials, even though not
working directly with that
material (e.g., a plumber or
electrician working inside a
furnace during an installa-
tion)

Removal Removal of after-service
RCF material from an in-
dustrial furnace, etc., that
has completed its eco-
nomic life. Includes the
removal of RCF material
during furnace mainte-
nance.

Unwrapping and knocking out
molds

Furnace disassembly

Furnace maintenance

Cleanup and disposal of re-
moved material

Working inside furnace dur-
ing the removal of RCF
materials, even though not
working directly with that
material (e.g., a plumber or
electrician working inside a
furnace during a removal)

Assembly
operations

Combining or assembling
RCF material with other
material (RCF or other),
except automotive appli-
cations. Includes factory
assembly of industrial
furnace components.

Laminating

Cutting material for modules

Encapsulating RCF blanket

Unpacking blanket and loading
into module folder

(Continued)
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Table B–1 (Continued). Functional job categories for RCF workers

Functional 
category Definition General examples Additional comments

Assembly
operations
(Continued)

Installing bands around modules

Packaging modules at end of line

Trimming modules and install-
ing hardware

Assembling appliances

Off-site assembly of industrial
furnace components (original        
equipment manufacture)

Changing RCF gaskets, etc. in
appliances

Cutting and assembling material
for sound-proofing exhaust
ducts

Sewing RCF material

Stapling RCF material

Ball milling or grinding RCF
material

Mixing RCF putties, compounds,
or castables

Mixing/form-
ing

Wet end production of
vacuum-cast shapes,
board, and felt

Forming RCF board or shapes

Weighing, batching, or mixing
materials to be formed

Placing wet parts on conveyor

Operating mixing machine

Felting

Premixing dry materials before
adding to mix tank

Auxiliary op-
erations

Jobs in which workers are
passively exposed to RCFs
while performing their
normal duties and whose
exposures are not likely to 
parallel those of workers 
working directly with RCF 
materials. Includes certain
jobs in which RCFs may
be handled but with small
probability of significant
exposures (e.g., ware-
house worker or person
unloading completed
parts for packaging).

Moving RCF-wrapped molds
into and out of furnace

Warehouse duties, including
dock work, loading trucks,
moving materials

Supervising

Driving forklift

Making cartons to package RCFs
at end of line

Quality control inspection

Packaging dry parts

Maintaining or repairing equip-
ment except furnaces

(Continued)
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Table B–1 (Continued). Functional job categories for RCF workers

Functional 
category Definition General examples Additional comments

Auxiliary
operations
(Continued)

Cleaning furnaces or plant areas
where RCFs are used

Removing vacuum-formed parts
from oven and/or packaging
them (no finishing)

Other (not
elsewhere
classisfied)

All duties performed in the
production of RCF paper,
textiles, and automotive
components or other in-
dustry sectors not covered
in any of the foregoing
categories. Also, expo-
sures that cannot reason-
ably be included in the
categories listed above
(i.e., not elsewhere classi-
fied). Industrial hygienist
personnel should explain
tasks and industry sectors
as fully as possible for ob-
servations in this category.

Diecutting parts for automotive
airbag filters, gaskets, mufflers,
or catalytic converters

Wrapping substrate for catalytic
converter

Operating former to make rov-
ing

Operating tape loom

Operating carding machine

Papermaking

Wrapping RCF blanket around
a hot weld so the weld may
cool without stress between
the hot seam or joint and the
cooler surrounding metal
(not elsewhere classified)
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Cellular and Molecular Effects of RCFs 
(In Vitro Studies)

human pulmonary cells. The human alveolar
macrophage has a volume several times greater
than that of the rat alveolar macrophage [Krom-
back et al. 1997]. Macrophage size and volume
may affect (1) the size range of fibers that can
be phagocytized, dissolved, and cleared by the
lungs and (2) the resulting pathogenicity of the
fiber. Even the use of a human lung cell line does
not guarantee that in vitro results will be directly
applicable to the intact human response. The
in vivo integration of stimuli from the nervous,
hormonal, and cardiovascular systems cannot be
reproduced in vitro.

Another point to consider when reviewing these
data is the number and definitions of variables
used in different studies. Variables include dif-
ferences in fiber type, fiber length, fiber dose,
cell type, and length of exposure tested, among
others. Disparate results between studies make
strong conclusions from in vitro studies diffi-
cult. At the same time, these studies may pro-
vide important data regarding the mechanism
of action of RCFs that would not be obtainable
in other testing venues.

RCFs may exert their effects on pulmonary tar-
get cells via direct or indirect mechanisms. Di-
rect mechanisms are the resultant effects when
fibers come in direct physical contact with cells.
Direct cytotoxic effects of RCFs include effects
on cell viability, responses, and proliferation.

The cellular and molecular effects of RCF ex-
posures have been studied with two different
objectives. One purpose of these in vitro stud-
ies is to provide a quicker, less expensive, and
more controlled alternative to animal toxic-
ity testing. These experiments, which strive to
act as screening tests or alternatives to animal
studies, are best interpreted by comparing their
results with those of in vivo experiments. The
second objective of in vitro studies is to provide
data that may help to explain the pathogenesis
and mechanisms of action of RCFs at the cel-
lular and molecular levels. These cytotoxicity
and genotoxicity studies are best interpreted
by comparing the effects of RCFs with those of
other SVFs and asbestos fibers. In vitro studies
serve as an important complement to animal
studies and provide important tools for study-
ing the molecular mechanisms of fibers. It is not
yet possible to use these data in the derivation
of an REL.

Drawing strong conclusions relevant to human
health based on these in vitro studies is impossi-
ble. One point to consider when reviewing these
data is the relevance of the cell types studied.
Many studies to date have examined the effects of
RCFs on rodent cell lines. The cytotoxic effects of
RCFs may vary with cell size,volume,and lineage.
Effects observed in the cells from organs other
than the lung or effects in species other than the
human may not be similar to those elicited with
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Indirect cellular effects of RCFs involve the in-
teraction of fibers with inflammatory cells that
may be activated to produce inflammatory
mediators. These mediators may affect target
cells directly or may attract other cells that act
on target cells. An inflammatory cell type often
used in RCF in vitro studies is the pulmonary
macrophage. Pulmonary macrophages are the
first line of defense against inhaled material
that deposits in the alveoli, and among func-
tions, they attempt to phagocytize particles de-
posited in the lung. Effects of RCF exposure on
macrophages and other inflammatory cells are
assessed by the measurement of inflammatory
mediator release in vitro.

Three important groups of inflammatory me-
diators are cytokines, ROS, and lipid media-
tors (prostaglandins and leukotrienes). Some
of the cytokines that have been implicated in
the inflammatory process include TNF and in-
terleukins (ILs). TNF and many ILs stimulate
the deposition of fibroblast collagen, an initial
step in fibrosis, and prostaglandins (PG)s in-
hibit these effects. ROS include hydroxyl radi-
cals, hydrogen peroxide, and superoxide anion
radicals. Oxidative stress occurs when the ROS
level in a cell exceeds its antioxidant level. Oxi-
dative stress may result in damage to deoxyribo
nucelic acid (DNA), lipids, and proteins.

Either direct or indirect effects of RCFs may
result in genotoxic effects on pulmonary target
cells. Changes in the genetic material may be
important in tumor development [Solomon
et al. 1991]. Genotoxic effects may be assessed
through the analysis of chromosome changes
or alterations in gene expression following ex-
posure to RCFs.

The following summary of RCF in vitro stud-
ies examines their direct effects on cell prolif-
eration and viability and indirect effects via
release of TNF, ROS, and other inflammatory
mediators. The genotoxic effects of RCFs are

also examined and summarized. Table C–1 de-
scribes RCF cytotoxicity studies involving their
direct effects on cells. Table C–2 describes RCF
cytotoxicity studies involving the release of
mediators. Table C–3 summarizes RCF geno-
toxic studies.

C.1 Direct Cytotoxic Effects
of RCFs

RCFs may have a direct cytotoxic effect on tar-
get cells. Measurements of cell viability and cell
proliferation are both indications of cytotoxic
effects. Cell viability can be assessed through
the detection of enzymes released by cells or
dyes taken up by cells that indicate altered cell
membrane integrity or permeability. Measure-
ment of cytoplasmic LDH and trypan blue ex-
clusion are two methods used to assess cell via-
bility. LDH is a cytoplasmic enzyme; its release
indicates plasma membrane damage. Trypan
blue is a dye that can only penetrate damaged
cell membranes. β-glucuronidase is a lysosom-
al enzyme, it assesses lysosomal permeability
and membrane viability. It may also be released
when alveolar macrophages are activated by
frustrated phagocytosis. The cytotoxic effects
of RCFs on rat pleural mesothelial cells, por-
cine aortic endothelial cells, human-hamster
hybrid (A

L
) cells, human macrophages, macro-

phage-like P388D1 cells, and human alveolar
epithelial cells are summarized in Table C–1
and C–2 and in the text below.

Luoto et al. [1997] evaluated the effects of
RCFs, quartz, and several MMVFs on LDH
levels in rat alveolar macrophages and hemo-
lysis in sheep erythrocytes. RCF1, RCF2, RCF3,
and RCF4 at 1.0 mg/ml induced a lower release
of LDH (less than 20% of control) from rat
alveolar macrophages compared with quartz
(approximately 40% of control) [Luoto et al.
1997]. RCF1 stimulated the lowest amount of
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LDH release (less than 10% of control), lower
even than TiO

2
(approximately 15% of con-

trol). RCF1, RCF2, RCF3, RCF4, MMVF10,
MMVF11, MMVF21, and MMVF22 at 0.5,
2.5, and 5.0 mg/ml induced a dose-depen-
dent increase in sheep erythrocyte hemolysis.
RCF1 and RCF3 induced slightly more hemo-
lysis than other MMVFs. The hemolytic activ-
ity of MMVFs was similar to that of TiO

2
, and

much less than that of quartz.

At doses of 100, 300, and 1,000 µg/ml RCFs
(unspecified type), an increased release of LDH
was induced from rat macrophages [Leikauf
et al. 1995]. At equivalent gravimetric doses of
1,000 µg/ml, the effects of RCFs were much less
than those of silica. Ceramic fibers (unspecified
type) at 50 µg/ml induced no difference in LDH
levels compared with negative controls in rat al-
veolar macrophages [Fujino et al. 1995]. Chrys-
otile, crocidolite, amosite, and anthophyllite as-
bestos all induced significant increases in LDH
and β-glucuronidase levels. Ceramic fibers also
induced a significant increase in β-glucuroni-
dase but much less than that induced by each of
the asbestos fiber types.

In the permanent macrophage-like cell line
P388D1, an elutriated ceramic fiber (unspeci-
fied type) at 10 or 50 µg/ml after 24 or 48 hr
had no significant effect on cell viability as
measured by the trypan blue assay [Wright et
al. 1986]. The elutriation process used for this
experiment provided mainly respirable fibers.
All other fibers examined, excluding short-
fiber amosite, reduced viability. Although the
specific data on the effect of exposure to fibers
on enzyme release was not presented, an as-
sociation between decreasing cell viability and
increasing loss of intracellular glucosaminidase
and LDH was reported under most conditions
investigated. Cytotoxicity was correlated with
fiber lengths greater than 8 µm when all fiber
types were combined.

The effect of several fibers on the viability of
rat pleural mesothelial cells was investigated
[Yegles et al. 1995]. On a per weight basis,
the rank order of cytotoxicity was National
Institute for Environmental Health Sciences
(NIEHS) chrysotile, RCF3, MMVF10 and
RCF1, Calidria chrysotile, RCF4, and all others.
Based on the total number of fibers, the rank
order of cytotoxicity was RCF3, MMVF10,
RCF1, RCF4, MMVF11, NIEHS chrysotile,
amosite, and all others. Cytotoxicity was de-
pendent on fiber dimensions as the longest
(RCF3, MMVF10, RCF1, MMVF11) or thick-
est (RCF4, RCF1, MMVF11, RCF3) fibers were
the most cytotoxic.

RCF1, RCF2, RCF3, and RCF4 were found to
inhibit the proliferation and colony-forming
efficiency of Chinese hamster ovary cells in
vitro [Hart et al. 1992]. The inhibition was
concentration-dependent. RCF4 was least
cytotoxic, RCF2 was intermediate, and RCF1
and RCF3 were the most cytotoxic. A correla-
tion existed between average fiber length and
toxicity, with the shortest fibers being least
cytotoxic. LC

50
s for the RCF ranged from 10

to 30 µg/cm2. In each assay, the RCFs were less
cytotoxic than those of the positive controls
of crocidolite (LC

50
=5 µg/cm2) and chrysotile

(LC
50

=1 µg/cm2) asbestos.

At 0 to 80 µg/cm2 RCF1, tremolite, and erion-
ite were significantly less cytotoxic to human-
hamster hybrid A

L
cells than chrysotile as de-

termined by the surviving fraction of colonies
after fiber exposure [Okayasu et al. 1999]. RCF1,
crocidolite asbestos, and MMVF10 at 25 µg/cm2

induced focal necrosis in rat pleural mesothe-
lial cells after 24 hr that became a more obvious
necrosis by 72 hr [Janssen et al. 1994]. At 72 hr,
the qualitative effects of 25 µg/cm2 RCF1 were
comparable to those of 5 µg/cm2 crocidolite as-
bestos. In contrast, minimal necrosis was seen
at 25 µg/cm2 crocidolite asbestos, RCF2, and
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MMVF10 fibers in hamster tracheal epithelial
cells at 24 hr; no necrosis was present at 72 hr.

RCF1, RCF2, RCF3, and RCF4 as well as as-
bestos and other fibers had a dose-dependent
effect on cytotoxicity, as measured by cell de-
tachment, in the human alveolar epithelial cell
line A549 [Cullen et al. 1997]. Cell detachment
is associated with epithelial damage, an impor-
tant step in the inflammatory process. These
cells are a primary target of inhaled fibers.
When equivalent doses (10, 25, 50, and 100 µg/
ml) were tested with various fibers, all RCFs
had a less significant effect than both crocido-
lite and amosite asbestos. When the dose data
were adjusted for the number of fibers, RCF1,
RCF2, and RCF3 were more cytotoxic than
RCF4 and crocidolite.

In an assay determining the ability of fibers to
induce an increase in the diameter of human
A549 cells, an elutriated ceramic fiber (unspec-
ified type) had a midrange of activity when
compared with 12 other fibers [Brown et al.
1986]. It was more active than most varieties of
amosite tested (but not UICC amosite) but less
active than the chrysotile fibers. An association
was found between increasing length and assay
activity. When these same fiber samples were
tested for colony inhibition in V79/4 Chinese
hamster lung fibroblasts, the ceramic fiber had
even less effect than the TiO

2
control. Analysis

of all fibers upheld the association between in-
creasing length and increased activity. In both
assays, fiber diameter was not related to activ-
ity in most cases.

Chrysotile asbestos at 10 µg/cm2 and crocido-
lite asbestos at 5 µg/cm2 altered porcine aor-
tic endothelial cell morphology and increased
neutrophil adherence [Treadwell et al. 1996].
RCF1 fibers at 10 µg/cm2 did not change cell
morphology or increase neutrophil binding.

These studies suggest that RCFs may have some
similar direct cytotoxic effects to asbestos. They
are capable of inducing enzyme release and cell
hemolysis. They may decrease cell viability and
inhibit proliferation. In most studies, the ef-
fects of RCFs are much less pronounced than
the effects of asbestos at similar gravimetric
concentrations. Fiber length was demonstrated
to be an important factor in determining the
cell responses in many studies.

C.2 Indirect Effects of RCFs: 
Effects on Inflammatory
Cells

In addition to direct effects on target cells,
RCFs may have indirect mechanisms of action
by acting on inflammatory cells. Inflammatory
cells, such as pulmonary macrophages, may re-
spond to fiber exposure by releasing inflamma-
tory mediators that initiate the process of pul-
monary inflammation and fibrosis. Cytokines
and ROS are among the inflammatory media-
tors released. Many studies, summarized below
and in Table C–2, have investigated this link
between fiber exposure and mediator release
to try to elucidate the mechanism of action of
RCFs. Cytokines are a class of proteins that are
involved in regulating processes such as cell se-
cretion, proliferation, and differentiation. One
of the cytokines most commonly analyzed in
RCF cytotoxicity studies is TNF. TNF has been
implicated in silica- and asbestos-induced pul-
monary fibrosis [Piguet et al. 1990; Lemaire
and Ouellet 1996]. TNF and many ILs are as-
sociated with collagen deposition (an initial
stage of fibrosis), and PGs inhibit these effects.
Experiments on the effects of RCF exposure on
TNF production in various cell types have had
differing results.

TNF secretion has been associated with ex-
posure to asbestos both in vitro and in vivo
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[Perkins et al. 1993]. In vitro incubation of
human alveolar macrophages from normal
volunteers with 25 µg/ml chrysotile asbestos
resulted in increased levels of TNF secretion.
Alveolar macrophages from 6 human subjects
occupationally exposed to asbestos for more
than 10 years secreted increased amounts of
the cytokines TNF, IL–6, PGE

2
, and IL–1ß in

vitro. Five human subjects occupationally ex-
posed for less than 10 years did not show in-
creases in these cytokines. The two exposure
groups were matched for age, smoking history,
and diagnosis. The increased TNF secretion
in both in vitro and chronic in vivo asbestos-
exposed conditions suggests its importance in
the response of the lung to fiber exposure, al-
though the small exposure group sizes warrant
caution in drawing strong conclusions.

When equal numbers (8.2 106) of various
fiber types, including RCF1, RCF2, RCF3, and
RCF4, were incubated separately with rat al-
veolar macrophages, silicon carbide whiskers,
amosite, and crocidolite asbestos stimulated
the highest TNF release [Cullen et al. 1997].
RCF1, RCF2, RCF3, and RCF4 showed no sig-
nificant increase in TNF release compared with
control.

In contrast, ceramic fibers (unspecified type) at
50 µg/ml (1.72 105 f) significantly increased
TNF release compared with controls in rat al-
veolar macrophages [Fujino et al. 1995]. Po-
tassium octatitanate whisker, chrysotile, and
crocidolite asbestos induced the greatest TNF
release. Alveolar macrophages exposed to ei-
ther 300 or 1,000 µg/ml RCFs or 1,000 µg/ml
asbestos showed a significant increase in TNF
production [Leikauf et al. 1995]. At 300 µg/ml
RCFs, a significant elevation occurred in leu-
kotriene B

4
. At 1,000 µg/ml RCFs, significant

elevations occurred in leukotriene B
4

and pros-
taglandin E

2
. Levels induced at lower doses

were not different from controls. At equivalent

doses, the effect on the levels of all mediators
measured was greater after asbestos exposure
than after RCF exposure.

ChrysotileA,chrysotile B,crocidolite,MMVF21,
RCF1, and silicon carbide at 100 µg/ml caused a
significantly increased synthesis of TNF mRNA
after 90 minutes of incubation with rat alveo-
lar macrophages [Ljungman et al.1994]. After 4
hr of incubation, chrysotile A still had a signifi-
cantly increased TNF mRNA production, and
all other fibers were at baseline concentrations.
None of the fibers studied increased TNF re-
lease at 90 minutes. However, an increased TNF
bioactivity occurred after 4 hr of incubation
with chrysotile A, chrysotile B, crocidolite, or
MMVF21. RCF1 at 100 µg/ml did not increase
TNF production under these conditions.

Chrysotile asbestos and alumina silicate ce-
ramic fibers increased in vitro alveolar macro-
phage TNF production in rats exposed to ciga-
rette smoke in vivo and in rats unexposed to
smoke [Morimoto et al. 1993]. Asbestos at 50
and 100 µg/ml induced a significantly greater
TNF release in rats exposed to cigarette smoke
versus unexposed rats. No significant differ-
ences were found between groups at all doses
of RCF fibers tested (25, 50 and 100 µg/ml).
RCF exposure, in contrast to chrysotile, did
not have a significant synergistic effect with
cigarette smoke exposure.

In addition to the cytokines such as TNF, an-
other group of inflammatory mediators that
has been studied in vitro are the ROS. These
mediators, also referred to as reactive oxygen
metabolites (ROMs) are normally produced
during the process of cellular aerobic metabo-
lism and in phagocytic cells in response to par-
ticle exposure. One molecular effect of asbestos
exposure has been demonstrated to be the in-
duction of ROS [Kamp et al. 1992]. Oxidative
stress occurs when the ROS level in a cell ex-
ceeds the antioxidant level. ROS may result in
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damage to DNA, lipids and proteins and have
been implicated in having a role in carcinogen-
esis [Klaunig et al. 1998; Vallyathan et al. 1998].
This research has suggested that free radical ac-
tivity may be involved in the pathogenesis of
fiber-induced lung disease.

The ability of RCFs to induce the release of free
radicals has been studied in rodent alveolar
macrophages. RF1 and RF2 (Japanese ceramic
fibers) at 200 µg/ml induced a significant pro-
duction of superoxide anion and a significant
increase in intracellular free calcium in guinea
pig alveolar macrophages [Wang et al. 1999].
Both superoxide anion and increased intra-
cellular calcium are associated with oxidative
stress. Superoxide anions may generate hydro-
gen peroxide and hydroxyl radical, classified
as ROS or free radicals. RF2 exposure resulted
in a significant depletion of glutathione. Glu-
tathione is a cellular antioxidant that protects
cells against oxidative stress; depletion of glu-
tathione is associated with oxidative stress. The
RFs did not affect hydrogen peroxide produc-
tion. In each test, the effects of chrysotile were
significantly greater than those of the RFs.

RCF1, MMVF10, and amosite asbestos at 8.24 ×
106 f/ml induced a significant depletion of intra-
cellular glutathione in rat alveolar macrophages
[Gilmour et al. 1997]. RCF1 had similar effects
to amosite asbestos, whereas MMVF10 caused
the greatest depletion of glutathione.

RCF1, RCF2, and RCF3 induced a greater
production of ROMs in human polymorpho-
nuclear cell cultures than RCF4 and chrysotile
[Luoto et al. 1997]. A dose-dependent produc-
tion of ROMs was seen in all RCFs and other
MMVFs tested from 25 to 500 µg/ml. Quartz
had a greater effect on ROM production than
all fibers tested.

RCF1 had a high binding capacity for rat im-
munoglobulin (IgG), a normal component

of lung lining fluid [Hill et al. 1996]. At doses
>100 µg RCF1, fibers coated with IgG induced
a significantly increased superoxide anion re-
lease. This supports the premise that lung lin-
ing fluid and other substances that fibers are
exposed to in vivo may significantly alter the
effect of fibers on cells. IgG-coated long fiber
amosite asbestos, in spite of a poor binding
affinity for IgG, induced a comparable super-
oxide anion release response to that of coated
RCF1.

Brown et al. [1999] investigated the abil-
ity of RCF1, amosite asbestos, silicon carbide,
MMVF10, Cole 100/475 glass fiber, and RCF4
to cause translocation of the transcription fac-
tor NF-κB to the nucleus in A549 lung epithe-
lial cells. RCF1, amosite asbestos, and silicon
carbide produced a significant dose-dependent
translocation of NF-κB to the nucleus; the oth-
er fibers tested did not. Equal fiber numbers
were tested.

These cytotoxicity studies indicate that RCFs
may share some aspects of their mechanism of
action with asbestos. They both affect the pro-
duction of TNF and ROS as well as cell viabil-
ity and proliferation. The effects of RCFs have
usually been less pronounced than those of as-
bestos. Results of in vitro studies are difficult to
compare, even within studies of different fiber
types, because of different study designs, dif-
ferent fiber concentrations and characteristics,
and different endpoints.

C.3 Genotoxic Effects
of RCFs

In addition to research assessing the cytotox-
icity of RCFs, studies have also assessed the
genotoxicity of RCFs. Most genotoxicity assays
assess changes in or damage to genetic mate-
rial. Methods that have been used to investigate
the genotoxicity of fibers include cell-free or in
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vitro cell systems investigating DNA damage,
studies of aneuploidy or polyploidy, studies of
chromosome damage or mutation, gene mu-
tation assays, and investigations of cell growth
regulation [Jaurand 1997]. Several studies, de-
scribed below and in Table C–3, have exam-
ined the ability of RCFs to produce genotoxic
changes in comparison with asbestos.

Several fibers, including RCF1 and RCF4, were
assayed for free radical generating activity us-
ing a DNA assay and a salicylate assay [Brown
et al.1998]. The DNA plasmid assay showed
only amosite asbestos to have free radical activ-
ity. The salicylate assay showed amosite as well
as RCF1 to have free radical activity. Coating
the fibers with lung surfactant decreased their
hydroxyl radical generation. Differences in
RCF1 results in the two assays were proposed
to be a result of increased iron release from
RCF1 in the salicylate assay. An iron chelator
inhibited the RCF hydroxylation of salicylate.
RCF4 showed no free radical activity.

When equal fiber numbers were compared,
RCF1, RCF2, RCF3, and RCF4 had minimal
free- radical-generating activity on plasmid
DNA compared with crocidolite and amosite
asbestos [Gilmour et al. 1995]. RCFs and
other MMVF produced a small but insignifi-
cant amount of DNA damage. This damage
was mediated by hydroxyl radicals. No cor-
relation was found between iron content and
free radical generation. At 9.3 × 105 fibers per
assay, amosite produced substantial free radi-
cal damage to plasmid DNA [Gilmour et al.
1997]. Amosite significantly upregulated the
transcription factors AP–1 and NFkB; RCF1
had a much smaller effect on AP–1 upregula-
tion only.

SVFs, including ceramic fibers (unspecified),
were reported to form hydroxyl radicals based
on the formation of the DNA adduct 8-hy-
droxydeoxyguanosine (8-OH-dG) from 2-de-

oxyguanosine (dG) in calf thymus DNA and
solution [Leanderson et al. 1989; Leanderson
and Tagesson 1989]. Ceramic and glasswool fi-
bershadpoorhydroxylatingcapabilities relative
to rockwool and slag wool fibers [Leanderson
et al. 1989]. Hydroxyl radical scavengers, such
as dimethyl sulfoxide, decreased the hydrox-
ylation. Compounds that increase hydroxyl
radical formation, such as hydrogen peroxide,
increased hydroxylation. Rockwool in combi-
nation with cigarette smoke condensate caused
a synergistic increase in 8-OH-dG formation;
ceramic and glasswool fibers did not have syn-
ergistic effects with cigarette smoke [Leander-
son and Tagesson 1989].

RCF1, RCF2, RCF3, and RCF4 induced nucle-
ar abnormalities, including micronuclei and
polynuclei, in Chinese hamster ovary cells
[Hart et al. 1992]. Micronuclei may form when
chromosomes or fragments of chromosomes
are separated during mitosis. Polynuclei may
arise when cytokinesis fails after mitosis. The
incidence of micronuclei and polynuclei after
exposure to 20 µg/cm2 RCF was from 22% to
33%. At 5 µg/cm2, chrysotile and crocidolite
induced nuclear abnormalities of 49% and
28%, respectively.

Amosite, chrysotile, and crocidolite asbestos,
and ceramic fibers caused a significant increase
in micronuclei in human amniotic fluid cells
[Dopp et al. 1997]. The response was dose-
dependent with asbestos fiber exposure but
not with ceramic fiber exposure. Significant
increases in chromosomal breakage and hy-
perdiploid cells were noted after asbestos and
ceramic fiber exposure.

RCF1, RCF3, and RCF4 did not induce ana-
phase aberrations in rat pleural mesothelial
cells [Yegles et al. 1995]. Of all fibers tested,
UICC chrysotile was the most genotoxic on the
basis of weight, number of fibers with a length
>4 µm and number of fibers corresponding
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to Stanton=s and Pott=s criteria [Stanton et al.
1981; Pott et al. 1987].

The effect of fibers on the mRNA levels of c-
fos and c-jun proto-oncogenes and ornithine
decarboxylase (ODC) in hamster tracheal epi-
thelial (HTE) cells and rodent pleural meso-
thelial (RPM) cells were examined [Janssen et
al. 1994]. ODC is a rate-limiting enzyme in the
synthesis of compounds involved in cell prolif-
eration and tumor promotion, the polyamines.
In HTE cells, crocidolite induced a significant
dose-dependent increase in levels of c-jun and
ODC mRNA but not c-fos mRNA. RCF1 in-
duced only small nondose-dependent increases
in ODC mRNA levels. In RPM cells, crocidolite
fibers at 2.5 µg/cm2 significantly elevated lev-
els of c-fos and c-jun mRNA. RCF1 increased
proto-oncogene expression at cytotoxic levels
of 25 µg/cm2; no significant effect was seen at
concentrations ≤5 µg/cm2.

RCF1 fibers were nonmutagenic in the hu-
man-hamster hybrid cell line A

L
[Okayasu et al.

1999]. Chrysotile was a significant inducer of
mutations in the same system.

These studies demonstrate that RCFs may
share some similar genotoxic mechanisms with
asbestos including induction of free radicals,
micronuclei, polynuclei, chromosomal break-
age, and hyperdiploid cells. Other studies have
demonstrated that, using certain methods and
doses, RCFs did not induce anaphase aberra-
tions and induced proto-oncogene expression
only at cytotoxic concentrations. RCFs were
nonmutagenic in human-hamster hybrid cells.

C.4 Discussion of In Vitro
Studies

The toxicity of fibers has been attributable to
their dose, dimensions, and durability. Any test
system that is designed to assess the potential

toxicity of fibers must address these factors.
Durability is difficult to assess using in vitro
studies because of their acute time course.
However, in vitro studies provide an opportu-
nity to study the effects of varying doses and
dimensions of fibers in a quicker, more efficient
method than animal testing. Although they
provide important information about mecha-
nism of action, they do not currently provide
data that can be extrapolated to occupational
risk assessment.

The association between fiber dimension and
toxicity has been documented and reviewed
[Stanton et al. 1977, 1981; Pott et al. 1987; War-
heit 1994]. Fiber length has been correlated
with the cytotoxicity of glass fibers [Blake et al.
1998]. Manville code 100 (JM–100) fiber sam-
ples of average lengths of 3, 4, 7, 17, and 33 µm
were assessed for their effects on LDH activ-
ity and rat alveolar macrophage function. The
greatest cytotoxicity was reported in the 17 µm
and 33 µm samples, indicating that length is
an important factor in the toxicity of this fiber.
Multiple macrophages were observed attached
along the length of long fibers. Relatively short
fibers, <20 µm long, were usually phagocy-
tized by one rat alveolar macrophage [Luoto
et al. 1994]. Longer fibers were phagocytized
by two or more macrophages. Incomplete, or
frustrated, phagocytosis may play a role in the
increased toxicity of longer fibers. Long fibers
(17 µm average length) were a more potent
inducer of TNF production and transcrip-
tion factor activation than shorter fibers (7 µm
average length) [Ye et al. 1999]. These studies
demonstrate the important role of length in
fiber toxicity and suggest that the capacity for
macrophage phagocytosis may be a critical fac-
tor in determining fiber toxicity. The toxicity
of individual fibers of the same type of RCFs
may differ according to their size in relation to
alveolar macrophages.
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Several RCF in vitro studies reported a di-
rect association between a longer fiber length
and greater cytotoxicity. Hart et al. [1992] re-
ported the shortest fibers to be the least cyto-
toxic. Brown et al. [1986] reported an associa-
tion between length and cytotoxic activity but
not between diameter and activity. Wright et
al. [1986] reported that cytotoxicity was cor-
related with fibers >8 µm length. Yegles et al.
[1995] reported that the longest and thickest
fibers were the most cytotoxic. The four most
cytotoxic fibers had GM lengths  ≥13 µm and
GM diameters >0.5 µm. The production of ab-
normal anaphases and telophases was associat-
ed with Stanton fibers with a length >8 µm and
diameter ≤0.25 µm. Hart et al. [1994] reported
that cytotoxicity increased with fiber length up
to 20 µm. All of these studies demonstrate the
importance of fiber dimensions on cytotoxicity.
Other studies have not reported the length dis-
tribution of fiber samples used. When studies
are done with RCFs for which specific lengths
are assessed for cytotoxicity (such as has been
done with glass fibers) [Blake et al. 1998], it will
be possible to determine the strength of the as-
sociation between RCF fiber length and toxic-
ity and determine whether a threshold length
exists above which toxicity increases steeply.

In addition to providing data on the correlation
between fiber length and toxicity, in vitro stud-
ies have provided data on the relative toxicity of
RCFs compared with asbestos. Uncertainties ex-
ist in the interpretation of these studies because
of differences in fiber doses, dimensions, and
durabilities. RCFs do appear to share some sim-
ilar mechanisms of action with asbestos. (See
references in Tables C–1, C–2, and C–3.) They
have similar direct and indirect effects on cells
and alter gene function in similar ways. They
are capable of inducing enzyme release and
cell hemolysis. They may decrease cell viability
and inhibit proliferation. They both affect the
production of tumor necrosis factor and ROS,
and affect cell viability and proliferation. They

induce necrosis in rat pleural mesothelial cells.
They also may induce free radicals, micronuclei,
polynuclei, chromosomal breakage, and hyper-
diploid cells in vitro.

In vitro studies also provide an excellent oppor-
tunity for investigating the pathogenesis of RCF.
However, comparisons are difficult to make be-
tween in vitro studies because of differences in
fiber doses, dimensions, preparations, and com-
positions. Important information, such as fiber
length distribution, is not always determined.
Even when comparable fibers are studied, the
cell line or conditions under which they are test-
ed may vary. Much of the research to date has
been done in rodent cell lines and in cells that
are not related to the primary target organ. In
vitro studies using human pulmonary cell lines
should provide pathogenesis data most relevant
to human health risk assessment.

Short-term in vitro studies cannot take into
account the influence of fiber dissolution and
fiber compositional changes that may occur
over time. In an in vivo exposure, fibers are
continually modified physically, chemically,
and structurally by components of the lung en-
vironment. This complex set of conditions is
difficult to recreate in vitro. Just as it is unlikely
that only one factor will be an accurate predic-
tor of fiber toxicity, it is much more unlikely
that any one in vitro test will be able to predict
fiber toxicity. Best results are obtained by tox-
icity assessment in several in vitro tests and in
comparison with in vivo results. In vitro stud-
ies provide an excellent opportunity to inves-
tigate factors important to fiber toxicity such
as dose, dimension, surface area, and physico-
chemical composition. They provide the abil-
ity to obtain information that is an important
supplement to the data of chronic inhalation
studies. They do not currently provide infor-
mation that can be directly applied to human
health risk assessment and the development of
occupational exposure limits.



192 Refractory Ceramic Fibers

Appendix C    Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–1
.  

In
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*  d

ir
ec

t e
ff

ec
ts

 o
n

 c
el

ls

R
ef

er
en

ce
C

el
l l

in
e 

an
d

en
d

p
oi

n
ts

Fi
b

er
 t

yp
e

Le
n

gt
h

 (
µ

m
)

D
ia

m
et

er
 (

µ
m

)
D

os
e

R
es

u
lt

s

B
ro

w
n

et
al

.
[1

98
6]

A
54

9
ce

lls

C
el

ld
ia

m
et

er

V
79

/4
C

h
in

es
e

h
am

st
er

lu
n

g
fi

br
ob

la
st

s

C
ol

on
y

in
h

ib
it

io
n

E
lu

tr
ia

te
d

(E
)

ce
ra

m
ic

(u
n

sp
ec

ifi
ed

)

T
it

an
iu

m
di

ox
id

e
Q

u
ar

tz
Sh

or
t

fi
be

r
am

os
it

e
U

IC
C

cr
oc

id
ol

it
e

E
fa

ct
or

y
am

os
it

e
E

U
IC

C
cr

oc
id

ol
it

e
E

br
u

ci
te

U
IC

C
am

os
it

e
Su

pe
rfi

n
e

ch
ry

so
ti

le
E

U
IC

C
an

th
op

hy
lli

te
U

IC
C

ch
ry

so
ti

le
A

E
tr

em
ol

it
e

E
lo

n
g

fi
be

r
am

os
it

e
E

U
IC

C
ch

ry
so

ti
le

A

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

A
54

9
ce

lls
:

25
or

50
µg

/m
l

V
79

/4
ce

lls
:

0,
5,

10
,2

5,
75

,
or

10
0

µg
/m

l

A
54

9
as

sa
y:

C
h

ry
so

ti
le

ef
fe

ct
>

ce
ra

m
ic

ef
fe

ct
>

m
os

t
am

os
it

es
(n

ot
U

IC
C

am
os

it
e)

.

V
79

/4
as

sa
y:

C
er

am
ic

fi
be

r
h

ad
n

o
ef

fe
ct

.

C
er

am
ic

fi
be

r
h

ad
di

ff
er

en
t

re
su

lt
s

in
th

e
tw

o
as

sa
ys

.

A
ss

oc
ia

ti
on

fo
u

n
d

be
tw

ee
n

in
cr

ea
s-

in
g

fi
be

r
le

n
gt

h
(a

ll
ty

p
es

)
an

d
ac

ti
vi

ty
in

bo
th

as
sa

ys
.

C
u

lle
n

et
al

.
[1

99
7]

H
u

m
an

al
ve

ol
ar

ep
it

h
el

ia
lc

el
ls

C
el

ld
et

ac
h

m
en

t

R
C

F1
R

C
F2

R
C

F3
R

C
F4

Lo
n

g
am

os
it

e
C

ro
ci

do
lit

e
C

10
0/

47
5

gl
as

s
10

4E
gl

as
s

Si
lic

on
ca

rb
id

e
1

Si
lic

on
ca

rb
id

e
2

M
M

V
F1

0
M

M
V

F1
1

M
M

V
F2

1
M

M
V

F2
2

G
eo

m
et

ri
c

m
ea

n
:

10
.4

2
±

2.
66

12
.4

3
±

2.
66

14
.9

9
±

2.
64

6.
82

±
2.

00
 3.

03
±

2.
86

 4.
96

±
2.

57
 2.

88
±

2.
62

3.
50

±
2.

17
8.

73
±

2.
25

N
ot

do
n

e
23

.9
1

±
2.

39
14

.2
1

±
2.

64
15

.6
6

±
2.

76
13

.6
7

±
2.

34

G
eo

m
et

ri
c

m
ea

n
:

   
0.

79
±

2.
07

0.
84

±
2.

01
0.

71
±

2.
12

0.
94

±
1.

71
0.

26
±

1.
75

0.
15

±
1.

53
0.

22
±

1.
85

0.
25

±
1.

6
0.

47
±

1.
39

N
ot

do
n

e
1.

13
±

1.
90

0.
57

±
2.

01
0.

81
±

1.
76

0.
89

±
1.

78

10
,2

5,
50

,o
r

10
0

µg
/m

l
A

t
eq

u
iv

al
en

t
do

se
s,

al
lR

C
Fs

h
ad

le
ss

ef
fe

ct
th

an
cr

oc
id

ol
it

e
an

d
am

os
it

e
as

be
st

os
.

W
h

en
ad

ju
st

ed
fo

r
eq

u
iv

al
en

t
fi

be
r

n
u

m
be

rs
,c

ro
ci

do
lit

e,
R

C
F4

,
M

V
F1

1,
an

d
am

os
it

e
w

er
e

le
as

t
cy

to
to

xi
c;

R
C

F1
,R

C
F2

,a
n

d
R

C
F3

w
er

e
m

or
e

cy
to

to
xi

c
th

an
cr

oc
id

o-
lit

e
an

d
am

os
it

e.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



Refractory Ceramic Fibers 193

Appendix C  Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–1
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*  d

ir
ec

t e
ff

ec
ts

 o
n

 c
el

ls

R
ef

er
en

ce
C

el
l l

in
e 

an
d

en
d

p
oi

n
ts

Fi
b

er
 t

yp
e

Le
n

gt
h

 (
µ

m
)

D
ia

m
et

er
 (

µ
m

)
D

os
e

R
es

u
lt

s

Fu
jin

o
et

al
.

[1
99

5]
R

at
al

ve
ol

ar
m

ac
ro

ph
ag

es

LD
H

β-
gl

u
cu

ro
n

id
as

e

C
er

am
ic

G
la

ss
Po

ta
ss

iu
m

oc
ta

ti
ta

n
at

e
M

ag
n

es
iu

m
su

lf
at

e
(l

on
g)

M
ag

n
es

iu
m

su
lf

at
e

(s
h

or
t)

C
h

ry
so

ti
le

as
be

st
os

C
ro

ci
do

lit
e

as
be

st
os

A
m

os
it

e
A

n
th

op
hy

lli
te

E
ri

on
it

e

G
eo

m
et

ri
c

m
ea

n
:

29
.5

±
3.

1
12

.8
±

3.
0

2.
8

±
2.

0
12

.0
±

2.
3

4.
9

±
2.

1
0.

7
±

1.
9

1.
3

±
2.

3
2.

7
±

2.
5

2.
5

±
3.

5
1.

4
±

2.
0

G
eo

m
et

ri
c

m
ea

n
:

1.
92

±
2.

9
 0.

54
±

2.
2

0.
41

±
1.

5
0.

44
±

1.
6

0.
31

±
1.

5
0.

08
5

±
1.

4
 0.

20
±

1.
5

0.
32

±
1.

8
0.

36
±

2.
3

0.
21

±
1.

6

50
µg

/m
l

LD
H

:
C

er
am

ic
fi

be
r,

m
ag

n
es

iu
m

su
lf

at
e

w
h

is
ke

rs
,a

n
d

er
io

n
it

e
w

er
e

n
ot

di
ff

er
en

t
fr

om
co

n
tr

ol
;a

ll
ot

h
er

s
si

gn
ifi

ca
n

tl
y

in
cr

ea
se

d
le

ve
ls

.

β-
gl

u
cu

ro
n

id
as

e:
A

ll
fi

be
rs

ca
u

se
d

a
si

gn
ifi

ca
n

t
in

cr
ea

se
co

m
pa

re
d

w
it

h
co

n
tr

ol
;

ch
ry

so
ti

le
ca

u
se

d
th

e
h

ig
h

es
t

re
le

as
e.

H
ar

t
et

al
.

[1
99

2]
C

h
in

es
e

h
am

st
er

ov
ar

y
ce

lls

C
el

lp
ro

lif
er

at
io

n

C
ol

on
y

fo
rm

at
io

n
         

R
C

F1
R

C
F2

R
C

F3
R

C
F4

U
IC

C
C

ro
ci

do
lit

e
U

IC
C

C
h

ry
so

ti
le

G
eo

m
et

ri
c

m
ea

n
:

21
.5

±
16

.1
2

16
.7

±
15

.0
3

24
.3

±
18

.8
2

9.
2

±
7.

08
1.

8
±

1.
94

1.
65

±
1.

83

G
eo

m
et

ri
c

m
ea

n
:

1.
03

±
0.

73
 1.

11
±

0.
82

1.
22

±
0.

98
1.

43
±

0.
79

0.
21

±
0.

12
0.

12
±

0.
07

R
C

F1
–4

:
0,

5,
10

,o
r

20
 µ

g/
m

l

C
ro

ci
do

lit
e:

0
or

5 
µg

/m
l

C
h

ry
so

ti
le

:
0,

1,
2,

or
5 

µg
/m

l

R
C

Fs
in

du
ce

d
a

co
n

ce
n

tr
at

io
n

-
de

pe
n

de
n

t
de

cr
ea

se
in

co
lo

ny
fo

rm
at

io
n

an
d

ce
ll

pr
ol

if
er

at
io

n
.

LC
50

:
R

C
Fs

10
–3

0 
µg

/c
m

2

C
ro

ci
do

lit
e 

5 
µg

/c
m

2

C
h

ry
so

ti
le

 
1 

µg
/c

m
2

R
C

F
cy

to
to

xi
ci

ty
:R

C
F1

an
d

R
C

F3
ar

e
m

os
t

cy
to

to
xi

c;
R

C
F2

is
in

te
rm

ed
ia

te
;R

C
F4

is
le

as
t

cy
to

to
xi

c.

Le
ik

au
f

et
al

.
[1

99
5]

R
at

al
ve

ol
ar

m
ac

ro
ph

ag
es

LD
H

R
C

F
C

ro
ci

do
lit

e
as

be
st

os
Si

lic
a

T
it

an
iu

m
di

ox
id

e

M
ed

ia
n

:
4.

9
2.

5
N

ot
av

ai
la

bl
e

N
ot

av
ai

la
bl

e

M
ed

ia
n

:
0.

59
0.

28
0.

88
0.

18

10
0,

30
0,

1,
00

0 
µg

/m
l

R
C

Fs
in

du
ce

d
m

od
er

at
e

in
cr

ea
se

s
in

LD
H

le
ve

ls
.%

of
co

n
tr

ol
:

R
C

Fs
10

0 
µg

/m
l—

15
8%

R
C

Fs
30

0 
µg

/m
l—

17
4%

R
C

Fs
1,

00
0 

µg
/m

l—
29

5%
Si

lic
a

1,
00

0 
µg

/m
l—

89
6%

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



194 Refractory Ceramic Fibers

Appendix C    Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–1
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*  d

ir
ec

t e
ff

ec
ts

 o
n

 c
el

ls

R
ef

er
en

ce
C

el
l l

in
e 

an
d

en
d

p
oi

n
ts

Fi
b

er
 t

yp
e

Le
n

gt
h

 (
µ

m
)

D
ia

m
et

er
 (

µ
m

)
D

os
e

R
es

u
lt

s

Lu
ot

o
et

al
.

[1
99

7]
Sh

ee
p

er
yt

h
ro

cy
te

s

H
em

ol
ys

is

R
at

al
ve

ol
ar

m
ac

ro
ph

ag
es

LD
H

R
C

F1
R

C
F2

R
C

F3
R

C
F4

M
M

V
F1

0
M

M
V

F1
1

M
M

V
F2

1
M

M
V

F2
2

M
ea

n
:

21
.2

9
±

17
.4

2
20

.1
8

±
19

.6
3

25
.6

6
±

25
.7

4
10

.3
4

±
11

.5
9

23
.2

1
±

15
.5

7
15

.6
5

±
13

.3
1

26
.0

2
±

23
.1

0
20

.7
5

±
20

.5
2

M
ea

n
:

1.
30

±
0.

72
1.

39
±

0.
98

1.
37

±
0.

87
1.

33
±

1.
02

1.
42

±
0.

78
1.

12
±

0.
88

1.
18

±
0.

64
0.

88
±

0.
45

H
em

ol
ys

is
:

0.
5,

2.
5,

or
5.

0
m

g/
m

l

LD
H

:
1.

0
m

g/
m

l

H
em

ol
ys

is
:

D
os

e-
de

pe
n

de
n

t
in

cr
ea

se
in

h
e-

m
ol

ys
is

in
du

ce
d

by
al

lfi
be

rs
an

d
du

st
s.

R
C

F1
an

d
R

C
F3

w
er

e
sl

ig
h

tl
y

m
or

e
h

em
ol

yt
ic

th
an

al
lo

th
er

fi
be

rs
bu

t
m

u
ch

le
ss

th
an

qu
ar

tz
.

LD
H

:
R

C
F1

in
du

ce
d

th
e

le
as

t
LD

H
re

le
as

e;
M

M
V

F
22

h
ad

th
e

gr
ea

te
st

fi
be

r-
in

du
ce

d
LD

H
re

le
as

e;
qu

ar
tz

in
du

ce
d

th
e

gr
ea

te
st

LD
H

re
le

as
e

ov
er

al
l.

O
ka

ya
su

et
al

.
[1

99
9]

H
u

m
an

-h
am

st
er

hy
br

id
A

L
ce

lls

Su
rv

iv
in

g
co

lo
n

ie
s

U
IC

C
ch

ry
so

ti
le

Tr
em

ol
it

e
E

ri
on

it
e

R
C

F1

G
eo

m
et

ri
c

m
ea

n
:

1.
78

±
2.

3
1.

41
±

2.
7

1.
31

±
2.

9
13

.5
±

2.
7

G
eo

m
et

ri
c

m
ea

n
:

0.
12

±
0.

08
0.

13
±

3.
43

0.
23

±
2.

74
0.

95
±

2.
6

0–
40

0
µg

/m
l

0–
80

 µ
g/

cm
2

C
h

ry
so

ti
le

w
as

m
or

e
cy

to
to

xi
c

th
an

ot
h

er
fi

be
rs

.

M
ea

n
le

th
al

do
se

s:
C

h
ry

so
ti

le
~

4 
µg

/c
m

2

R
C

F1
35

 µ
g/

cm
2

Tr
em

ol
it

e
40

 µ
g/

cm
2

E
ri

on
it

e
42

 µ
g/

cm
2

W
ri

gh
t

et
al

.
[1

98
6]

P
38

8D
1

Tr
yp

an
bl

u
e

as
sa

y

LD
H

co
n

ce
n

tr
at

io
n

s

G
lu

co
sa

m
in

id
as

e 
  

co
n

ce
n

tr
at

io
n

s

U
IC

C
cr

oc
id

ol
it

e
U

IC
C

am
os

it
e

U
IC

C
ch

ry
so

ti
le

A
E

U
IC

C
cr

oc
id

ol
it

e
E

U
IC

C
am

os
it

e
E

U
IC

C
ch

ry
so

ti
le

A
E

U
IC

C
an

th
op

hy
lli

te
E

ce
ra

m
ic

fi
be

r
E

lo
n

g
fi

be
r

am
os

it
e

Sh
or

t
fi

be
r

am
os

it
e

E
tr

em
ol

it
e

C
u

m
u

la
ti

ve
fi

be
r

le
n

gt
h

di
st

ri
bu

-
ti

on
s

re
po

rt
ed

A
lm

os
t

al
lfi

be
rs

m
ea

su
re

d
h

ad
di

am
et

er
s

le
ss

th
an

3 
µm

;
de

ta
ils

n
ot

re
po

rt
ed

Fi
be

r
n

u
m

be
r

in
10

-1
0

g
±

SD
:

11
2

±
10

76
±

6
18

5
±

18
10

9
±

10
11

2
±

14
14

4
±

20
16

9
±

15
15

±
0.

4
19

±
1

Tr
yp

an
bl

u
e

as
sa

y:
C

er
am

ic
fib

er
s

at
bo

th
do

se
s

ha
d

th
e

lo
w

es
td

eg
re

e
of

cy
to

to
xi

ci
ty

;a
ll

ot
he

r
fib

er
s,

ex
cl

ud
in

g
sh

or
t-

fib
er

am
os

ite
,r

ed
uc

ed
vi

ab
ili

ty
.

Fi
be

rs
>

8 
µm

w
er

e
us

ua
lly

m
os

te
f-

fe
ct

iv
e

in
de

cr
ea

si
ng

vi
ab

ili
ty

an
d

in
cr

ea
si

ng
LD

H
an

d
gl

uc
os

am
in

i-
da

se
co

nc
en

tr
at

io
ns

;i
nd

iv
id

ua
lfi

be
r

ef
fe

ct
s

w
er

e
no

tr
ep

or
te

d.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



Refractory Ceramic Fibers 195

Appendix C  Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–1
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*  d

ir
ec

t e
ff

ec
ts

 o
n

 c
el

ls

R
ef

er
en

ce
C

el
l l

in
e 

an
d

en
d

p
oi

n
ts

Fi
b

er
 t

yp
e

Le
n

gt
h

 (
µ

m
)

D
ia

m
et

er
 (

µ
m

)
D

os
e

R
es

u
lt

s

W
ri

gh
t

et
al

.  
   

   
 

[1
98

6]
(C

on
ti

n
u

ed
)

E
br

u
ci

te
SF

A
ch

ry
so

ti
le

T
it

an
iu

m
di

ox
id

e
Q

u
ar

tz

44
±

2.
7

22
±

1.
6

15
2

±
14

7.
4

±
0.

5

Fi
be

r
do

se
:

10
or

50
 µ

g/
m

l
80

 µ
g/

m
l

20
 µ

g/
m

l

Ye
gl

es
et

al
.

[1
99

5]
R

at
pl

eu
ra

l
m

es
ot

h
el

ia
lc

el
ls

C
el

lv
ia

bi
lit

y:

M
it

oc
h

on
dr

ia
l  

    
in

te
gr

it
y

R
C

F1
R

C
F3

R
C

F4
M

M
V

F1
0

M
M

V
F1

1
C

h
ry

so
ti

le
(c

h
ry

s)
,U

IC
C

C
h

ry
s

44
5

(C
an

ad
ia

n
)

C
h

ry
s

44
3

(C
an

ad
ia

n
)

C
h

ry
s,

sh
or

t
C

an
ad

ia
n

C
h

ry
s,

su
pe

rfi
n

e
C

an
ad

ia
n

C
h

ry
s,

ph
os

ph
or

yl
at

ed
C

an
ad

ia
n

C
h

ry
s,

ph
os

ph
or

yl
at

ed
,

m
ill

ed
C

an
ad

ia
n

U
IC

C
ch

ry
s,

le
ac

h
ed

w
it

h
ox

al
ic

ac
id

C
h

ry
s,

C
al

id
ri

a
C

h
ry

s,
N

IE
H

S
A

m
os

it
e

C
ro

ci
do

lit
e

A
tt

ap
u

lg
it

e

M
ea

n
:

19
.2

±
15

.0
31

.8
±

36
.0

8.
9

±
7.

2
21

.5
±

16
.8

16
.7

±
12

.9
1.

7
±

2.
2

2.
3

±
2.

3
1.

9
±

1.
9

1.
6

±
1.

4
2.

4
±

3.
1

4.
7

±
5.

2

4.
7

±
5.

9

2.
3

±
1.

8

2.
8

±
3.

0
4.

2
±

1.
2

2.
4

±
1.

8
2.

1
±

3.
6

0.
8

±
0.

5

M
ea

n
:

1.
30

±
0.

80
0.

74
±

0.
50

1.
30

±
0.

60
0.

55
±

0.
50

1.
10

±
0.

90
0.

05
±

0.
04

0.
04

±
0.

03
0.

04
±

0.
04

0.
06

±
0.

08
0.

04
±

0.
03

0.
04

±
0.

03

0.
07

±
0.

09

0.
17

±
0.

11

0.
05

±
0.

04
0.

05
±

0.
05

0.
31

±
0.

20
0.

19
±

0.
12

0.
04

±
0.

03

12
.5

,2
5,

50
,7

5,
or

10
0 

µg
/c

m
2

C
yt

ot
ox

ic
it

y
p

er
w

ei
gh

t
ba

si
s:

C
h

ry
s

N
IE

H
S

>
R

C
F3

>
M

M
V

F1
0=

R
C

F1
>

C
h

ry
s,

ca
lid

ri
a

>
R

C
F4

>
al

lo
th

er
s

C
yt

ot
ox

ic
it

y
p

er
to

ta
ln

u
m

be
r

of
fi

be
rs

:
R

C
F3

>
M

M
V

F1
0

>
R

C
F1

>
R

C
F4

>
M

M
V

F1
1

>
C

h
ry

s,
N

IE
H

S>
am

os
it

e
>

al
lo

th
er

s

Fi
be

r
le

n
gt

h
an

d
di

am
et

er
co

rr
el

at
ed

w
it

h
cy

to
to

xi
ci

ty
:l

on
ge

st
an

d
th

ic
ke

st
fi

be
rs

w
er

e
m

os
t

cy
to

to
xi

c.

*A
bb

re
vi

at
io

n
s:

E
=

el
u

tr
ia

te
d;

LD
H

=
la

ct
at

e
de

hy
dr

og
en

as
e;

M
M

V
F=

m
an

-m
ad

e
vi

tr
eo

u
s

fi
be

r;
N

IE
H

S=
N

at
io

n
al

In
st

it
u

te
of

E
nv

ir
on

m
en

ta
lH

ea
lt

h
Sc

ie
n

ce
s;

R
C

Fs
=

re
fr

ac
to

ry
ce

ra
m

ic
fi

be
rs

;S
D

=
st

an
da

rd
de

vi
at

io
n

;U
IC

C
=

U
n

io
n

In
te

rn
at

io
n

al
e

C
on

tr
e

le
C

an
ce

r.



196 Refractory Ceramic Fibers

Appendix C    Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–2
.  

In
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*   e

ff
ec

ts
 o

n
 m

ed
ia

to
r 

re
le

as
e

R
ef

er
en

ce
C

el
l l

in
e 

an
d

 
en

d
p

oi
n

ts
   

   
   

   
 F

ib
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

C
u

lle
n

et
al

.
[1

99
7]

H
u

m
an

al
ve

ol
ar

ep
it

h
el

ia
lc

el
ls

T
N

F

R
C

F1
R

C
F2

R
C

F3
R

C
F4

Lo
n

g
am

os
it

e
C

ro
ci

do
lit

e
C

10
0/

47
5

gl
as

s
10

4E
gl

as
s

Si
C

1
Si

C
2

M
M

V
F1

0
M

M
V

F1
1

M
M

V
F2

1
M

M
V

F2
2

G
eo

m
et

ri
c

m
ea

n
:

10
.4

2
±

2.
66

12
.4

3
±

2.
66

14
.9

9
±

2.
64

6.
82

±
2.

00
3.

03
±

2.
86

4.
96

±
2.

57
2.

88
±

2.
62

3.
50

±
2.

17
8.

73
±

2.
25

N
ot

do
n

e
23

.9
1

±
2.

39
14

.2
1

±
2.

64
15

.6
6

±
2.

76
13

.6
7

±
2.

34

G
eo

m
et

ri
c

m
ea

n
:

0.
79

±
2.

07
0.

84
±

2.
01

0.
71

±
2.

12
0.

94
±

1.
71

0.
26

±
1.

75
0.

15
±

1.
53

0.
22

±
1.

85
0.

25
±

1.
6

0.
47

±
1.

39
N

ot
do

n
e

1.
13

±
1.

90
0.

57
±

2.
01

0.
81

±
1.

76
0.

89
±

1.
78

8.
2×

10
6

fi
be

rs
(>

5 
µm

lo
n

g)
Si

C
1,

Si
C

2,
cr

oc
id

ol
it

e,
an

d
lo

n
g

am
os

it
e

st
im

u
la

te
d

th
e

h
ig

h
es

t
T

N
F

pr
od

u
ct

io
n

.

R
C

F1
–R

C
F4

di
d

n
ot

sh
ow

m
or

e
T

N
F

ac
ti

vi
ty

th
an

in
co

n
tr

ol
cu

lt
u

re
s.

Fu
jin

o
et

al
.

[1
99

5]
R

at
al

ve
ol

ar
m

ac
ro

ph
ag

es

T
N

F

C
er

am
ic

G
la

ss
Po

ta
ss

iu
m

oc
ta

ti
ta

n
at

e
M

ag
n

es
iu

m
su

lf
at

e
(l

on
g)

M
ag

n
es

iu
m

su
lf

at
e

(s
h

or
t)

C
h

ry
so

ti
le

as
be

st
os

C
ro

ci
do

lit
e

as
be

st
os

A
m

os
it

e
A

n
th

op
hy

lit
e

E
ri

on
it

e

G
eo

m
et

ri
c

m
ea

n
:

29
.5

±
3.

1
12

.8
±

3.
0

2.
8

±
2.

0
12

.0
±

2.
3

4.
9

±
2.

1
0.

7
±

1.
9

1.
3

±
2.

3
2.

7
±

2.
5

2.
5

±
3.

5
1.

4
±

2.
0

G
eo

m
et

ri
c

m
ea

n
:

1.
92

±
2.

9
0.

54
±

2.
2

0.
41

±
1.

5
0.

44
±

1.
6

0.
31

±
1.

5
0.

08
5

±
1.

4
0.

20
±

1.
5

0.
32

±
1.

8
0.

36
±

2.
3

0.
21

±
1.

6

50
 µ

g/
m

l
A

ll
fi

be
rs

si
gn

ifi
ca

n
tl

y
in

-
cr

ea
se

d
T

N
F

pr
od

u
ct

io
n

ab
ov

e
n

o-
fi

be
r

co
n

tr
ol

s;
po

-
ta

ss
iu

m
oc

ta
ti

ta
n

at
e

ca
u

se
d

th
e

h
ig

h
es

t
T

N
F

pr
od

u
ct

io
n

.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e

(C
on

ti
n

u
ed

)



Refractory Ceramic Fibers 197

Appendix C  Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–2
 (

C
on

ti
n

u
ed

).
   

In
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*

 e
ff

ec
ts

 o
n

 m
ed

ia
to

r 
re

le
as

e

   
 R

ef
er

en
ce

C
el

l l
in

e 
an

d
 

en
d

p
oi

n
ts

Fi
b

er
 t

yp
e

Le
n

gt
h

 (
µ

m
)

D
ia

m
et

er
 (

µ
m

)
   

   
  D

os
e

R
es

u
lt

s

G
ilm

ou
r

et
al

.
[1

99
7]

R
at

al
ve

ol
ar

m
ac

ro
ph

ag
es

G
lu

ta
th

io
n

e

R
C

F1
A

m
os

it
e

as
be

st
os

M
M

V
F1

0

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

8.
24

×
10

6 /m
l

A
ll

fi
be

rs
si

gn
ifi

ca
n

tl
y

lo
w

er
ed

in
tr

ac
el

lu
la

r
gl

u
ta

th
io

n
e.

M
M

V
F1

0
ca

u
se

d
th

e
gr

ea
te

st
de

cr
ea

se
.

R
C

F1
an

d
am

os
it

e
h

ad
si

m
ila

r
ef

fe
ct

s.

H
ill

et
al

.
[1

99
6]

R
at

al
ve

ol
ar

m
ac

ro
ph

ag
es

Su
pe

ro
xi

de
an

io
n

re
le

as
e

af
te

r
co

at
in

g
w

it
h

ra
t

im
m

u
n

og
lo

bu
lin

(I
gG

),
a

n
or

m
al

co
m

po
n

en
t

of
lu

n
g

lin
in

g
fl

u
id

.

M
M

V
F2

1
R

C
F1

L
FA

as
be

st
os

Si
C

Jo
h

n
s

M
an

vi
lle

C
od

e
10

0/
47

5
(g

la
ss

)

W
H

O
f/

µg
5,

46
2

9,
01

5
16

4,
70

5
70

,5
50

21
,7

42

Pe
rc

en
ta

ge
le

n
gt

h
di

st
ri

bu
ti

on
al

so
re

po
rt

ed
.

N
ot

re
po

rt
ed

R
C

F1
,

M
M

V
F2

1:
12

5 
µg

–
20

m
g/

m
l

C
od

e
10

0/
47

5,
Si

C
:1

25
 µ

g–
   

1
m

g/
m

l

L
FA

as
be

st
os

:
15

.6
 µ

g–
5

m
g/

m
l

Ig
G

-c
oa

te
d

R
C

F1
fib

er
sa

nd
Ig

G
-c

oa
te

d
LF

A
as

be
st

os
fib

er
s

in
du

ce
d

a
si

gn
ifi

ca
nt

ly
in

cr
ea

se
d

su
pe

ro
xi

de
an

io
n

re
le

as
e.

C
oa

tin
g

of
R

C
F1

fib
er

sa
td

os
es

>
10

0 
µg

gr
ea

tly
in

cr
ea

se
d

th
ei

r 
 

su
pe

ro
xi

de
pr

od
uc

tio
n.

R
C

F1
fib

er
sh

ad
a

hi
gh

bi
nd

in
g

af
fin

ity
fo

rI
gG

;L
FA

as
be

st
os

di
d

no
t.

Le
ik

au
f

et
al

.
[1

99
5]

R
at

m
ac

ro
ph

ag
es

T
N

F

LT
B

4

P
G

E
2

R
C

F
(u

n
sp

ec
ifi

ed
)

C
ro

ci
do

lit
e

as
be

st
os

Si
lic

a
T

iO
2

M
ed

ia
n

:
4.

9
2.

5
N

A
N

A

M
ed

ia
n

:
0.

59
0.

28
0.

88
0.

18

10
0,

30
0,

1,
00

0 
µg

/m
l

T
N

F
pr

od
uc

ti
on

w
as

in
cr

ea
se

d
af

te
r

ex
po

su
re

to
30

0
an

d
1,

00
0 

µg
/m

lR
C

Fs
.

LT
B

4
le

ve
ls

w
er

e
el

ev
at

ed
af

te
r

ex
po

su
re

to
30

0
or

1,
00

0 
µg

/m
l

R
C

Fs
;P

G
E 2

co
nc

en
tr

at
io

ns
w

er
e

el
ev

at
ed

af
te

r
ex

po
su

re
to

1,
00

0 
µg

/m
lR

C
Fs

;e
ffe

ct
sa

t
lo

w
er

do
se

sw
er

e
no

ts
ig

ni
fic

an
t.

A
te

qu
iv

al
en

td
os

es
,a

sb
es

to
s

in
-

du
ce

d
a

gr
ea

te
r

re
sp

on
se

th
an

R
C

Fs
in

T
N

F,
LT

B
4,o

r
P

G
E

2

co
n

ce
n

tr
at

io
n

s.
Se

e
fo

ot
n

ot
e

at
en

d
of

ta
bl

e
(C

on
ti

n
u

ed
)



198 Refractory Ceramic Fibers

Appendix C    Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–2
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*   e

ff
ec

ts
 o

n
 m

ed
ia

to
r 

re
le

as
e

R
ef

er
en

ce
C

el
l l

in
e 

an
d

 
en

d
p

oi
n

ts
Fi

b
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

L
ju

n
gm

an
et

al
.

[1
99

4]
R

at
al

ve
ol

ar
m

ac
ro

ph
ag

es

T
N

F

C
ro

ci
do

lit
e

C
h

ry
so

ti
le

A
C

h
ry

so
ti

le
B

M
M

V
F2

1
M

M
V

F2
2

R
C

F1
Si

C
w

h

M
ea

n
:

9.
9

±
7.

8
N

ot
re

po
rt

ed
N

ot
re

po
rt

ed
24

.6
±

19
.9

21
.4

±
17

.6
22

.4
±

19
.0

N
ot

re
po

rt
ed

M
ea

n
:

0.
3

±
0.

2
N

ot
re

po
rt

ed
N

ot
re

po
rt

ed
1.

3
±

0.
8

1.
2

±
0.

7
1.

1
±

0.
8

N
ot

re
po

rt
ed

10
0 

µg
/m

l
C

h
ry

so
ti

le
A

,c
h

ry
so

ti
le

B
,

cr
oc

id
ol

it
e,

M
M

V
F2

1,
R

C
F1

,a
n

d
Si

C
w

h
in

cr
ea

se
d

T
N

F
m

R
N

A
co

n
ce

n
tr

at
io

n
s

af
te

r
90

m
in

u
te

s;
co

n
ce

n
-

tr
at

io
n

s
h

ad
re

tu
rn

ed
to

ba
se

lin
e

af
te

r
4

h
ou

rs
in

al
l

bu
t

ch
ry

so
ti

le
A

.

C
h

ry
so

ti
le

A
,c

h
ry

so
ti

le
B

,
cr

oc
id

ol
it

e,
an

d
M

M
V

F2
1

in
du

ce
d

an
in

cr
ea

se
in

T
N

F
bi

oa
ct

iv
it

y
af

te
r

4
h

ou
rs

of
in

cu
ba

ti
on

;R
C

F1
di

d
n

ot
in

du
ce

a
si

gn
ifi

ca
n

t
in

cr
ea

se
.

Lu
ot

o
et

al
.

[1
99

7]
R

at
al

ve
ol

ar
m

ac
ro

ph
ag

es

R
O

M

R
C

F1
R

C
F2

R
C

F3
R

C
F4

M
M

V
F1

0
M

M
V

F1
1

M
M

V
F2

1
M

M
V

F2
2

M
ea

n
:

21
.2

9
±

17
.4

2
20

.1
8

±
19

.6
3

25
.6

6
±

25
.7

4
10

.3
4

±
11

.5
9

23
.2

1
±

15
.5

7
15

.6
5

±
13

.3
1

26
.0

2
±

23
.1

0
20

.7
5

±
20

.5
2

M
ea

n
:

1.
30

±
0.

72
1.

39
±

0.
98

1.
37

±
0.

87
1.

33
±

1.
02

1.
42

±
0.

78
1.

12
±

0.
88

1.
18

±
0.

64
0.

88
±

0.
45

25
,5

0,
10

0,
20

0,
40

0,
or

50
0 

µg
/m

l

A
ll

fi
be

rs
sh

ow
ed

a
do

se
-

de
pe

n
de

n
t

re
sp

on
se

to
R

O
M

pr
od

u
ct

io
n

.

R
C

F1
,R

C
F2

,o
r

R
C

F3
ex

-
po

su
re

re
su

lt
ed

in
h

ig
h

er
R

O
M

pr
od

u
ct

io
n

th
an

R
C

F4
or

ch
ry

so
ti

le
ex

po
-

su
re

.

Q
u

ar
tz

h
ad

th
e

gr
ea

te
st

ef
fe

ct
on

R
O

M
pr

od
u

ct
io

n
.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



Refractory Ceramic Fibers 199

Appendix C  Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–2
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 c
yt

ot
ox

ic
it

y 
of

 R
C

Fs
:*   e

ff
ec

ts
 o

n
 m

ed
ia

to
r 

re
le

as
e

R
ef

er
en

ce
C

el
l l

in
e 

an
d

 
en

d
p

oi
n

ts
Fi

b
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

M
or

im
ot

o
et

al
.

[1
99

3]
R

at
al

ve
ol

ar
m

ac
ro

ph
ag

es

T
N

F

C
an

ad
ia

n
ch

ry
so

ti
le

A
lu

m
in

a
si

lic
at

e
ce

ra
m

ic
(J

ap
an

)

N
ot

re
po

rt
ed

M
as

s
m

ed
ia

n
ae

ro
dy

n
am

ic
di

-
am

et
er

=
3.

1 
µm

25
,5

0,
or

10
0 

µg
/m

l
B

ot
h

fib
er

ss
tim

ul
at

ed
a

do
se

-
de

pe
nd

en
tT

N
F

pr
od

uc
tio

n
by

al
ve

ol
ar

m
ac

ro
ph

ag
es

.

C
hr

ys
ot

ile
st

im
ul

at
ed

gr
ea

te
r

T
N

F
pr

od
uc

tio
n

th
an

ce
ra

m
ic

fib
er

si
n

ce
lls

fr
om

ra
ts

  e
xp

os
ed

to
ci

ga
re

tt
e

sm
ok

e
an

d
ce

lls
fr

om
ra

ts
no

te
xp

os
ed

to
sm

ok
e.

C
hr

ys
ot

ile
in

du
ce

d
hi

gh
er

T
N

F
pr

od
uc

tio
n

in
sm

ok
e-

ex
po

se
d

ra
ts

th
an

in
co

nt
ro

ls
;c

er
am

ic
fib

er
ex

po
su

re
re

su
lte

d
in

no
si

gn
ifi

ca
nt

di
ffe

re
nc

e
be

tw
ee

n
T

N
F

pr
od

uc
tio

n
in

sm
ok

e-
ex

po
se

d
ra

ts
an

d
co

nt
ro

ls
.

W
an

g
et

al
.

[1
99

9]
G

u
in

ea
pi

g
al

ve
ol

ar
   

m
ac

ro
ph

ag
es

Su
pe

ro
xi

de
an

io
n

H
yd

ro
ge

n
pe

ro
xi

de

G
SH In

tr
ac

el
lu

la
r

fr
ee

ca
lc

iu
m

Ja
pa

n
fi

br
ou

s
m

at
er

ia
l:

G
W

1
=

gl
as

s
w

oo
l

R
W

1
=

ro
ck

w
oo

l
M

G
1

=
m

ic
ro

gl
as

s
R

F1
=

re
fr

ac
to

ry
ce

ra
m

ic
R

F2
=

re
fr

ac
to

ry
ce

ra
m

ic
R

F3
=

re
fr

ac
to

ry
m

u
lli

te
P

T
1

=
po

ta
ss

iu
m

ti
ta

n
at

e
SC

1
=

si
lic

on
ca

rb
id

e
T

O
1

=
ti

ta
n

iu
m

ox
id

e
W

O
1

=
w

ol
la

st
on

it
e

C
h

ry
so

ti
le

20
.2

±
2.

58
16

.5
±

2.
51

3.
0

±
2.

22
12

.0
±

2.
36

11
.0

±
1.

96
11

.0
±

1.
75

6.
0

±
2.

04
6.

4
±

2.
45

2.
1

±
2.

00
10

.5
±

2.
03

N
ot

re
po

rt
ed

0.
88

±
3.

10
1.

80
±

2.
32

0.
24

±
2.

35
0.

77
±

2.
53

1.
10

±
2.

00
2.

40
±

1.
37

0.
35

±
1.

51
0.

30
±

1.
58

0.
14

±
1.

53
1.

00
±

1.
72

N
ot

re
po

rt
ed

20
0 

µg
/m

l
C

hr
ys

ot
ile

an
d

al
lfi

be
rs

ot
he

r
th

an
W

O
1

si
gn

ifi
ca

nt
ly

in
cr

ea
se

d
su

pe
ro

xi
de

an
io

n
pr

od
uc

tio
n.

C
hr

ys
ot

ile
si

gn
ifi

ca
nt

ly
in

cr
ea

se
d

hy
dr

og
en

pe
ro

xi
de

pr
od

uc
tio

n;
R

F
di

d
no

t.

C
hr

ys
ot

ile
,R

F2
,P

T
1,

T
O

1,
SC

1,
W

O
1,

an
d

M
G

1
si

gn
ifi

ca
nt

ly
de

cr
ea

se
d

G
SH

co
nc

en
tr

at
io

n.

C
hr

ys
ot

ile
,R

F1
,R

F2
,S

C
1,

T
O

1,
PT

1,
M

G
1,

an
d

R
W

1
si

gn
ifi

-
ca

nt
ly

in
cr

ea
se

d
in

tr
ac

el
lu

la
r

fr
ee

ca
lc

iu
m

.

In
al

lt
es

ts
,c

hr
ys

ot
ile

ha
d

gr
ea

te
r

ef
fe

ct
st

ha
n 

 th
os

e
of

th
e

R
C

Fs
.

* A
bb

re
vi

at
io

n
s:

G
SH

=
gl

u
ta

th
io

n
e;

G
W

1=
gl

as
s

w
oo

l;
Ig

G
=

im
m

u
n

og
lo

bu
lin

;L
FA

=
lo

n
g

fi
be

r
am

os
it

e;
LT

B
4=

le
u

ko
tr

ie
n

e
B

4;
M

G
1=

m
ic

ro
gl

as
s;

M
M

V
F=

m
an

-m
ad

e
vi

tr
eo

u
s

fi
be

r;
P

G
E

2=
pr

os
ta

gl
an

di
n

E
2;P

T
1=

po
ta

ss
iu

m
ti

ta
n

at
e;

R
C

Fs
=

re
fr

ac
to

ry
ce

ra
m

ic
fi

be
rs

;R
F1

=
re

fr
ac

to
ry

ce
ra

m
ic

;R
F2

=
re

fr
ac

to
ry

ce
ra

m
ic

;R
F3

=
re

fr
ac

to
ry

m
u

lli
te

;R
O

M
=

re
ac

ti
ve

ox
yg

en
m

et
ab

ol
it

es
;R

W
1=

ro
ck

w
oo

l;
SC

1=
si

lic
on

ca
rb

id
e

in
W

an
g

et
al

.[
19

99
];

Si
C

=
si

lic
on

ca
rb

id
e;

T
N

F=
tu

m
or

n
ec

ro
si

s
fa

ct
or

;T
iO

2=
ti

ta
n

iu
m

di
ox

id
e;

T
O

1=
ti

ta
n

iu
m

ox
id

e
in

W
an

g
et

al
.[

19
99

];
w

h
=

w
h

is
ke

rs
;W

O
1=

w
ol

la
st

on
it

e.



200 Refractory Ceramic Fibers

Appendix C    Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–3
.  

In
 v

it
ro

 g
en

ot
ox

ic
 e

ff
ec

ts
 o

f 
R

C
Fs

*

R
ef

er
en

ce
Te

st
 s

ys
te

m
 a

n
d

 
en

d
p

oi
n

ts
Fi

b
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

B
ro

w
n

et
al

.
[1

99
8]

P
la

sm
id

oX
17

4R
F1

D
N

A

D
N

A
sc

is
si

on

Sa
lic

yl
at

e
as

sa
y

H
yd

ro
xy

lr
ad

ic
al

ge
n

er
at

io
n

Lo
n

g
fi

be
r

am
os

it
e

as
be

st
os

Si
C

R
C

F1
R

C
F4

M
M

V
F1

0
C

od
e

10
0/

47
5

gl
as

s

Si
ze

di
st

ri
bu

ti
on

>
10

 
>

20
 

64
.7

5 
35

.2
5

 
60

.8
6 

27
.6

 
77

.3
6 

45
.2

7
 

59
.3

5 
17

.9
6

 
85

.2
4 

67
.1

7
 

50
.0

0 
19

.3
2

N
ot

re
po

rt
ed

P
la

sm
id

as
sa

y:
9.

24
9×

10
5
f/2

0 
µl

Sa
lic

yl
at

e
as

sa
y:

8.
24

×
10

7
f/

m
l

P
la

sm
id

as
sa

y:
O

n
ly

am
os

it
e

h
ad

fr
ee

ra
di

ca
l

ac
ti

vi
ty

.

Sa
lic

yl
at

e
as

sa
y:

A
m

os
it

e
an

d
R

C
F1

h
ad

fr
ee

ra
di

ca
la

ct
iv

it
y.

C
oa

ti
n

g
th

e
fi

be
rs

w
it

h
lu

n
g

su
rf

ac
ta

n
t

de
cr

ea
se

d
hy

dr
ox

yl
ra

di
ca

la
ct

iv
it

y.

A
n

ir
on

ch
el

at
or

in
h

ib
it

ed
hy

-
dr

ox
yl

at
io

n
by

R
C

F1
.

D
op

p
et

al
.

[1
99

7]
H

u
m

an
am

n
io

ti
c

fl
u

id
ce

lls

M
ic

ro
n

u
cl

ei

H
yp

er
di

pl
oi

dy

C
h

ro
m

os
om

al
br

ea
ka

ge

A
m

os
it

e
as

be
st

os
C

ro
ci

do
lit

e
as

be
st

os
-

R
h

od
es

ia
n

ch
ry

so
ti

le
as

be
st

os
C

er
am

ic
(u

n
sp

ec
ifi

ed
)

G
yp

su
m

A
ve

ra
ge

:
2.

05
1.

71
2.

24

12
.0

3

A
ve

ra
ge

:
0.

24
0.

25
0.

10

0.
90

0.
5,

1.
0,

5.
0,

or
10

.0
 µ

g/
cm

2

A
ll

fi
be

rs
ca

u
se

d
a

si
gn

ifi
ca

n
t

in
cr

ea
se

in
m

ic
ro

n
u

cl
ei

.

D
os

e-
de

pe
n

de
n

t
re

sp
on

se
w

as
se

en
w

it
h

as
be

st
os

bu
t

n
ot

w
it

h
ce

ra
m

ic
fi

be
r

ex
po

su
re

.

A
sb

es
to

s
an

d
ce

ra
m

ic
fi

be
rs

in
-

du
ce

d
ch

ro
m

os
om

al
br

ea
ka

ge
an

d
hy

pe
rd

ip
lo

id
ce

lls
.

G
ilm

ou
r

et
al

.
[1

99
5]

P
la

sm
id

oX
17

4R
F1

D
N

A

D
ep

le
ti

on
of

su
pe

rc
oi

le
d

D
N

A

Sh
or

t
fi

be
r

am
os

it
e

Lo
n

g
fi

be
r

am
os

it
e

C
ro

ci
do

lit
e

as
be

st
os

R
C

F1
R

C
F2

R
C

F3
R

C
F4

M
M

V
F1

0
M

M
V

F1
1

M
M

V
F2

1
M

M
V

F2
2

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

Te
st

ed
at

eq
u

al
fi

be
r

n
u

m
be

rs
:

6.
16

6×
10

5
or

9.
24

9×
10

5
or

1.
23

32
×

10
6

R
C

F1
,R

C
F2

,R
C

F3
,a

n
d

R
C

F4
h

ad
a

m
in

im
al

fr
ee

ra
di

ca
l

ef
fe

ct
co

m
pa

re
d

w
it

h
as

be
st

os
fi

be
rs

.

R
C

F
D

N
A

da
m

ag
e

w
as

m
ed

i-
at

ed
by

hy
dr

ox
yl

ra
di

ca
ls

bu
t

w
as

n
ot

as
so

ci
at

ed
w

it
h

ir
on

co
n

te
n

t.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



Refractory Ceramic Fibers 201

Appendix C  Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–3
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 g
en

ot
ox

ic
 e

ff
ec

ts
 o

f 
R

C
Fs

*

R
ef

er
en

ce
Te

st
 s

ys
te

m
 a

n
d

 
en

d
p

oi
n

ts
Fi

b
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

G
ilm

ou
r

et
al

.  
  

[1
99

7]
P

la
sm

id
oX

17
4R

F1
D

N
A

D
ep

le
ti

on
of

su
p

er
co

ile
d

D
N

A

R
at

al
ve

ol
ar

m
ac

ro
ph

ag
es

A
ct

iv
at

io
n

of
tr

an
-

sc
ri

pt
io

n
fa

ct
or

s

A
m

os
it

e
as

be
st

os
M

M
V

F1
0

R
C

F1

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

E
qu

al
fi

be
r

n
u

m
be

rs
p

er
as

sa
y.

D
N

A
as

sa
y:

9.
3×

10
5

Ir
on

as
sa

y:
8.

24
×

10
7 /m

l

R
C

F1
an

d
M

M
V

F1
0

in
du

ce
d

si
g-

n
ifi

ca
n

tl
y

le
ss

D
N

A
fr

ee
ra

di
ca

l
da

m
ag

e
th

an
am

os
it

e
as

be
st

os
.

A
m

os
it

e
si

gn
ifi

ca
n

tl
y

u
pr

eg
u

-
la

te
d

tr
an

sc
ri

pt
io

n
fa

ct
or

s
A

P
–1

an
d

N
Fk

B
;R

C
F1

h
ad

a
m

u
ch

sm
al

le
r

ef
fe

ct
on

A
P

–1
on

ly
.

H
ar

t
et

al
.

[1
99

2]
C

h
in

es
e

h
am

st
er

ov
ar

y
ce

lls

M
ic

ro
n

u
cl

ei
in

du
ct

io
n

Po
ly

n
u

cl
ei

in
du

ct
io

n

R
C

F1
R

C
F2

R
C

F3
R

C
F4

U
IC

C
C

ro
ci

do
lit

e
U

IC
C

C
h

ry
so

ti
le

M
ea

n
:

21
.5

±
16

.1
2

16
.7

±
15

.0
3

24
.3

±
18

.8
2

9.
2

±
7.

08
1.

8
±

1.
94

1.
65

±
1.

83

M
ea

n
:

1.
03

±
0.

73
1.

11
±

0.
82

1.
22

±
0.

98
1.

43
±

0.
79

0.
21

±
0.

12
0.

12
±

0.
07

R
C

Fs
1–

4:
0,

5,
10

,o
r

20
 µ

g/
m

l

C
ro

ci
do

lit
e:

0
or

5 
µg

/m
l

C
h

ry
so

ti
le

:
0,

1,
2,

or
5 

µg
/m

l

N
u

cl
ea

r
ab

n
or

m
al

it
y

in
ci

de
n

ce
:

  A
t2

0 
µg

/c
m

2 ,R
C

F
w

as
20

%
to

33
%

.

     A
t5

 µ
g/

cm
2 ,c

ro
ci

do
lit

e
w

as
28

%
.

  A
t5

 µ
g/

cm
2 ,c

hr
ys

ot
ile

w
as

49
%

.

Ja
n

ss
en

et
al

.
[1

99
4]

H
am

st
er

tr
ac

h
ea

l
ep

it
h

el
ia

l(
H

T
E

)
ce

lls

m
R

N
A

co
n

ce
n

tr
a-

ti
on

s
of

c-
fo

s,
c-

ju
n

,a
n

d
O

D
C

R
P

M
ce

lls

m
R

N
A

co
n

ce
n

tr
a-

ti
on

s
of

c-
fo

s,
c-

ju
n

,a
n

d
O

D
C

C
ro

ci
do

lit
e

C
h

ry
so

ti
le

M
M

V
F1

0
R

C
F1

Po
ly

st
yr

en
e

be
ad

s
R

ie
be

ck
it

e
E

ri
on

it
e

M
ea

n
:

11
.4 1.
1

19
.8

24
.0 — — 6.
0

M
ea

n
:

0.
27

0.
08

1.
36

1.
07

1.
05

0.
8

0.
8

A
sb

es
to

s:
≤5

 µ
g/

cm
2

A
ll

ot
h

er
fi

be
rs

:
1.

25
–2

5
µg

/c
m

2

H
T

E
ce

lls
:

C
ro

ci
do

lit
e

in
du

ce
d

si
gn

ifi
ca

nt
do

se
-d

ep
en

de
nt

co
nc

en
tr

at
io

ns
of

c-
ju

n
an

d
O

D
C

m
R

N
A

.

R
C

F1
in

du
ce

d
sm

al
ln

on
-d

os
e-

de
pe

nd
en

ti
nc

re
as

es
in

O
D

C
m

R
N

A
co

nc
en

tr
at

io
ns

on
ly

.

R
P

M
ce

lls
:

C
ro

ci
do

lit
e

at
2.

5 
µg

/c
m

2
in

du
ce

d
el

ev
at

ed
c-

fo
s

an
d

c-
ju

n
m

R
N

A
co

nc
en

tr
at

io
ns

.

R
C

F1
at

25
 µ

g/
cm

2
in

cr
ea

se
d

c-
fo

s
an

d
c-

ju
n

m
R

N
A

co
nc

en
tr

at
io

ns
.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



202 Refractory Ceramic Fibers

Appendix C    Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–3
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 g
en

ot
ox

ic
 e

ff
ec

ts
 o

f 
R

C
Fs

*

R
ef

er
en

ce
Te

st
 s

ys
te

m
 a

n
d

 
en

d
p

oi
n

ts
Fi

b
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

Le
an

de
rs

on
et

al
.[

19
89

]
C

al
f

th
ym

u
s

D
N

A

H
yd

ro
xy

la
ti

on
of

2-
dG

to
8–

O
H

–d
G

dG
so

lu
ti

on

H
yd

ro
xy

la
ti

on
of

dG
to

8–
O

H
–d

G

E
u

ro
pe

an
so

u
rc

e:
Fi

be
r

1
=

ce
ra

m
ic

Fi
be

r
2

=
gl

as
s

w
oo

l
Fi

be
r

3
=

ce
ra

m
ic

Fi
be

r
4

=
ro

ck
w

oo
l

Fi
be

r
5

=
ro

ck
w

oo
l

Fi
be

r
6

=
ro

ck
w

oo
l

Fi
be

r
7

=
ro

ck
w

oo
l

Fi
be

r
8

=
ro

ck
w

oo
l

Fi
be

r
9

=
ro

ck
w

oo
l

Fi
be

r
10

=
ro

ck
w

oo
l

Fi
be

r
11

=
ro

ck
w

oo
l

Fi
be

r
12

=
sl

ag
w

oo
l

Fi
be

r
13

=
ro

ck
w

oo
l

Fi
be

r
14

=
ro

ck
w

oo
l

Fi
be

r
15

=
sl

ag
w

oo
l

Fi
be

r
16

=
ro

ck
w

oo
l

Su
rf

ac
e

ar
ea

(m
2 /g

):
0.

95
0.

91
1.

10
1.

30
0.

36
0.

60
0.

73
1.

01
1.

28
1.

16
1.

18
1.

14
1.

30
1.

06
0.

90
0.

62

N
ot

re
po

rt
ed

10
m

g
fi

be
r

an
d

1.
0

m
lP

B
S

w
it

h
0.

5
m

g
D

N
A

or
0.

5
m

M
dG

A
ll

fi
be

rs
ca

u
se

d
si

gn
ifi

ca
n

t
hy

dr
ox

yl
at

io
n

of
dG

.

G
la

ss
w

oo
la

n
d

ce
ra

m
ic

fi
be

rs
h

ad
po

or
hy

dr
ox

yl
at

in
g

ca
pa

c-
it

y
re

la
ti

ve
to

ro
ck

w
oo

ls
an

d
sl

ag
w

oo
ls

.

Le
an

de
rs

on
et

al
.[

19
89

]
C

al
f

th
ym

u
s

D
N

A

H
yd

ro
xy

la
ti

on
of

  
dG

to
8–

O
H

–d
G

E
u

ro
pe

an
so

u
rc

e:
R

oc
k

w
oo

l
G

la
ss

w
oo

l
C

er
am

ic

N
ot

re
po

rt
ed

N
ot

re
po

rt
ed

10
m

g
fi

be
r

an
d/

or
30

0 
µl

sm
ok

e-
P

B
S

or
10

0 
µM

H
2O

2
in

1.
0

m
lP

B
S

w
it

h
0.

5
m

g
D

N
A

C
er

am
ic

an
d

gl
as

s
w

oo
lfi

be
rs

ca
u

se
d

le
ss

D
N

A
hy

dr
ox

yl
at

io
n

th
an

ro
ck

w
oo

l.

R
oc

k
w

oo
la

n
d

ci
ga

re
tt

e
sm

ok
e

co
n

de
n

sa
te

h
ad

a
sy

n
er

gi
st

ic
ef

fe
ct

on
hy

dr
ox

yl
at

io
n

.

C
er

am
ic

or
gl

as
s

w
oo

lfi
be

rs
an

d
ci

ga
re

tt
e

sm
ok

e
co

n
de

n
sa

te
di

d
n

ot
ha

ve
a

sy
n

er
gi

st
ic

ef
fe

ct
on

hy
dr

ox
yl

at
io

n
.

O
ka

ya
su

et
al

.
[1

99
9]

H
u

m
an

-h
am

st
er

hy
br

id
A

L
ce

lls

M
u

ta
ti

on
as

sa
y

U
IC

C
ch

ry
so

ti
le

Tr
em

ol
it

e
E

ri
on

it
e

R
C

F1

G
eo

m
et

ri
c

m
ea

n
:

1.
78

±
2.

3
1.

41
±

2.
7

1.
31

±
2.

9
13

.5
±

2.
7

G
eo

m
et

ri
c

m
ea

n:
0.

12
±

0.
08

0.
13

±
3.

43
0.

23
±

2.
74

0.
95

±
2.

6

0–
80

 µ
g/

cm
2

R
C

F1
w

as
de

te
rm

in
ed

to
be

n
on

m
u

ta
ge

n
ic

.

C
h

ry
so

ti
le

w
as

th
e

m
os

t
m

u
ta

-
ge

n
ic

of
fi

be
rs

ex
am

in
ed

ba
se

d
on

fi
be

r
co

n
ce

n
tr

at
io

n
.

Se
e

fo
ot

n
ot

e
at

en
d

of
ta

bl
e.

(C
on

ti
n

u
ed

)



Refractory Ceramic Fibers 203

Appendix C  Cellular and Molecular Effects of RCFs (In Vitro Studies)

Ta
b

le
 C

–3
 (

C
on

ti
n

u
ed

).
  I

n
 v

it
ro

 g
en

ot
ox

ic
 e

ff
ec

ts
 o

f 
R

C
Fs

*

R
ef

er
en

ce
Te

st
 s

ys
te

m
 a

n
d

 
en

d
p

oi
n

ts
Fi

b
er

 t
yp

e
Le

n
gt

h
 (

µ
m

)
D

ia
m

et
er

 (
µ

m
)

D
os

e
R

es
u

lt
s

Ye
gl

es
et

al
.

[1
99

5]
R

at
pl

eu
ra

lm
es

o-
th

el
ia

lc
el

ls

A
n

ap
h

as
e/

te
lo

ph
as

e
ab

er
ra

ti
on

s

R
C

F1
R

C
F3

R
C

F4
M

M
V

F1
0

M
M

V
F1

1
U

IC
C

ch
ry

so
ti

le
C

h
ry

s
44

5
(C

an
ad

ia
n

)
C

h
ry

s
44

3
(C

an
ad

ia
n

)
C

h
ry

s,
sh

or
t

C
an

ad
ia

n
C

h
ry

s,
su

pe
rfi

n
e

C
an

ad
ia

n
C

h
ry

s,
ph

os
ph

or
yl

at
ed

  
C

an
ad

ia
n

C
h

ry
s,

ph
os

ph
or

yl
at

ed
   

m
ill

ed
C

an
ad

ia
n

U
IC

C
ch

ry
s,

le
ac

h
ed

w
it

h
ox

al
ic

ac
id

C
h

ry
s,

C
al

id
ri

a
C

h
ry

s,
N

IE
H

S
A

m
os

it
e

C
ro

ci
do

lit
e

A
tt

ap
u

lg
it

e

19
.2

±
15

.0
31

.8
±

36
.0

8.
9

±
7.

2
21

.5
±

16
.8

16
.7

±
12

.9
1.

7
±

2.
2

2.
3

±
2.

3
1.

9
±

1.
9

1.
6

±
1.

4
2.

4
±

3.
1

4.
7

±
5.

2

4.
7

±
5.

9

2.
3

±
1.

8

2.
8

±
3.

0
4.

2
±

1.
2

2.
4

±
1.

8
2.

1
±

3.
6

0.
8

±
0.

5

1.
30

±
0.

80
0.

74
±

0.
50

1.
30

±
0.

60
0.

55
±

0.
50

1.
10

±
0.

90
0.

05
±

0.
04

0.
04

±
0.

03
0.

04
±

0.
04

0.
06

±
0.

08
0.

04
±

0.
03

0.
04

±
0.

03

0.
07

±
0.

09

0.
17

±
0.

11

0.
05

±
0.

04
0.

05
±

0.
05

0.
31

±
0.

20
0.

19
±

0.
12

0.
04

±
0.

03

12
.5

,2
5,

50
,7

5,
or

10
0 

µg
/c

m
2

U
IC

C
ch

ry
so

ti
le

w
as

th
e

m
os

t
ge

n
ot

ox
ic

on
th

e
ba

si
s

of
w

ei
gh

t,
n

u
m

be
r

of
fi

be
rs

>
4

µm
lo

n
g,

an
d

n
u

m
be

r
of

fi
be

rs
co

rr
es

po
n

di
n

g
to

St
an

to
n’

s
an

d
Po

tt
’s

cr
it

er
ia

.

C
er

am
ic

an
d

gl
as

s
fi

be
rs

di
d

n
ot

in
du

ce
an

ap
h

as
e

ab
er

ra
ti

on
s.

*A
bb

re
vi

at
io

ns
:d

G
=

de
ox

yg
ua

no
si

ne
;f

=
fib

er
s;

H
T

E
=

ha
m

st
er

tr
ac

he
al

ep
it

he
lia

l;
O

H
–d

G
=

hy
dr

ox
yd

eo
xy

-g
ua

no
si

ne
;m

R
N

A
=

m
es

se
ng

er
R

N
A

;M
M

V
F=

m
an

-m
ad

e
vi

tr
eo

us
fib

er
;

N
IE

H
S=

N
at

io
na

lI
ns

ti
tu

te
fo

r
E

nv
ir

on
m

en
ta

lH
ea

lth
Sc

ie
nc

es
;O

D
C

=
or

ni
th

in
e

de
ca

rb
ox

yl
as

e;
  P

B
S=

ph
os

ph
at

e-
bu

ff
er

ed
sa

lin
e;

R
C

Fs
=

re
fr

ac
to

ry
ce

ra
m

ic
fib

er
s;

R
P

M
=

ra
tp

le
ur

al
m

es
o-

th
el

ia
l;

U
IC

C
=

U
ni

on
In

te
rn

at
io

na
le

C
on

tr
e

le
C

an
ce

r.


