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EXECUTIVE SUMMARY

Purpose and Overview
Natural and synthetic fibrous materials are widely used in

construction, industrial applications, and biomedical devices, as
well as in consumer products. Fibrous materials are chemically
and structurally diverse; however, for regulatory purposes, fibers
are defined on the basis of their size and shape (aspect ratio
≥3:1, length ≥5 µm, and width ≤3 µm). Widely varied natural

and synthetic fibers are currently in commercial use or under
development, suggesting the need to understand the potential
for adverse health effects if respirable fibers were released dur-
ing production or application. In contrast to asbestos or synthetic
vitreous fibers, other types of fibers have not been systematically
assessed for carcinogenicity using lifetime rodent inhalation
assays because these tests are technically demanding, expen-
sive, and require large numbers of animals.
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In 1996, the U.S. Environmental Protection Agency (EPA)
added a “respirable fibers” category to the list of priority sub-
stances to be investigated for human health effects and exposure
testing. In 2000 the U.S. EPA requested its FIFRA Scientific
Advisory Panel to provide a peer review of current chronic car-
cinogenicity assays. The panel concluded that an updated as-
sessment of the utility of short-term assays could greatly assist
in prioritizing fibers for chronic assays.

This report summarizes the evaluation of short-term assays
for fiber toxicity and carcinogenicity formulated by an expert
working group convened by the ILSI Risk Science Institute.
The objectives of the working group were:

1. To summarize the current state of the science on short-term
assay systems for assessing potential fiber toxicity and car-
cinogenicity.

2. To offer insights and perspectives on the strengths and limi-
tations of the various methods and approaches.

3. To consider how the available methods might be combined in
a testing strategy to assess the likelihood that particular fibers
may present a hazard and therefore may require further (e.g.,
long-term) testing for regulatory evaluation.

Health Effects of Fibers
Several types of pleural and parenchymal lung disease are as-

sociated with inhalation of asbestos fibers. Asbestos and erionite
fibers have been classified by the International Agency for Re-
search on Cancer (IARC) as carcinogenic for humans; refractory
ceramic fibers and some special purpose glass microfibers have
been classified by IARC as possible human carcinogens. Rodent
models have proven to be appropriate surrogates for humans in
reproducing the lung diseases associated with asbestos expo-
sure. Although there are important anatomic and physiological
differences that must be considered in extrapolating data from
rodent models to humans, a lifetime chronic rodent inhalation
study is considered to be the standard assay for assessing fiber
carcinogenicity. Well-designed chronic rodent inhalation studies
have been reported for a series of silica-based synthetic vitreous
fibers (SVFs) and for a limited number of other types of fibers.

Respirability (the fraction of inhaled fibers reaching the alve-
olar region) is an important aspect of fiber pathogenicity. Res-
pirability is determined by the aerodynamic diameter of the fiber,
which is a function of diameter, length, and density. Surface
charge and hydrophilicity, as well as adsorbed finishes and other
physical and chemical factors, determine whether fibers can be
easily dispersed or will agglomerate into larger, nonrespirable
masses.

For respirable fibers tested in rodent bioassays, the dose, di-
mensions, durability in the lung, and in some cases surface re-
activity of the fibers have been identified as critical parameters
related to adverse health effects. Fiber length is hypothesized to
be a major determinant of pathogenicity: Fibers that are too long
to be completely phagocytized by macrophages are cleared less
efficiently. If fibers are not rapidly leached or broken down in the
lungs, long fibers have the potential to interact with other target

cells in the lungs or be translocated to the interstitium or the
pleura where they may cause disease. In chronic rodent inhala-
tion studies, fibers that persisted in the lungs caused sustained
inflammation and fibrosis. These pathologic endpoints were as-
sociated in most cases with the development of lung cancer or
mesotheliomas in rodents after 1–2 yr. For SVFs, fiber length,
diameter, and chemical composition are major determinants of
biopersistence. Some organic fibers may also be degraded enzy-
matically in the lungs; however, there have been few studies of
biopersistence of natural or synthetic organic fibers in rodents
or humans.

Additional properties that have been linked to fiber toxicity,
especially for natural crystalline fibers such as asbestos, include
free radical generation, mobilization of transition metals, acqui-
sition of iron, ferritin, or other proteins in the lungs, and surface
hydrophilicity/hydrophobicity. At this time, no single physico-
chemical property or mechanism has been defined that can be
used to predict carcinogenicity of all fiber types.

Current Testing Methods
Current short-term testing methods, defined as 3 mo or less

in exposure duration, evaluate a number of endpoints that are
considered relevant for lung diseases induced by fibers such as
asbestos. Fiber durability can be estimated based on chemical
composition and in vitro acellular or cellular dissolution
assays. Biopersistence can be measured in short-term inhalation
or intratracheal instillation studies. A variety of toxicologic
endpoints can be measured in short-term, in vitro cellular assays
(e.g., oxidant stress, release of proinflammatory mediators,
genotoxicity). However, these in vitro cellular assays are not
well standardized, and nonbiopersistent fibers may produce
false positive results. Subchronic studies to assess biomarkers
of lung injury (e.g., persistent inflammation, cell proliferation,
fibrosis) are considered to be more predictive of carcinogenic
potential. New approaches based on genomics and proteomics,
and assays using genetically engineered mice may eventually
lead to more sensitive, reproducible, validated assays to screen
for potentially pathogenic fibers.

Proposed Testing Strategy for Prioritizing Fibers
for Chronic Testing

The existing database of fiber toxicity studies strongly sug-
gests that human exposure to respirable fibers that are biopersis-
tent in the lung or induce significant and persistent pulmonary
inflammation, cell proliferation, or fibrosis should be viewed
with concern. The proposed testing strategy, using short-term
assays to distinguish between fibers that are unlikely to present
a hazard and those that may require further testing for regulatory
evaluation, is based on this knowledge.

The proposed strategy has three fundamental components:
preparation and characterization of an appropriate fiber sample,
testing for biopersistence in vivo, and assessment of toxicologic
endpoints in a subchronic rodent study.

1. Preparation and characterization of fiber test sample: The
first step in short-term (or chronic) testing strategies is
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derivation and characterization of a sample of long, respirable
fibers from the bulk material for testing. The chemical com-
position, crystallinity and fracture habit, and size distribution
of the bulk material and the size distribution and airborne con-
centrations of the fibers to which people are, or may be, ex-
posed should be determined in the baseline characterization
of the product. The sample of fibers to be tested should be res-
pirable by the rodent species (preferably rat) with a significant
proportion of fibers greater than 20 µm in length, at the same
time reflecting the characteristics of fibers to which humans
are exposed. The preparation of an appropriate fiber test sam-
ple is a critical and often challenging first step in fiber testing.

2. Testing for biopersistence in vivo: Biopersistence can be
measured in a separate short-term rodent study (e.g., 5-day
inhalation exposure), or in the subchronic rodent inhalation
toxicity study by including subgroups for assessment of lung
fiber burden after a 5-day exposure, at exposure termination
(1–3 mo), and at the end of the postexposure recovery
period. Standardized protocols, such as those developed
in the European Union, are essential to obtain reliable and
reproducible values for regulatory use. Fiber durability has
been estimated by computer-based and in vitro methods, but
these methods are not yet considered sufficiently robust for
regulatory classification of fibers.

3. Assessment of toxicologic endpoints in a subchronic rodent
study: The cornerstone of the testing strategy is a subchronic
study in rodents (preferably rats), evaluating a range of
toxicologic endpoints. The inhalation exposure route (at least
1 mo and preferably 3 mo exposure duration) is preferred,
but intratracheal instillation is acceptable under certain con-
ditions. Typically, a subchronic study will include at least
two or three exposure concentrations, unexposed controls,
and, periodically, controls exposed to other benchmark
fibers (positive and negative). In a subchronic inhalation
study, one exposure concentration of the test material should
contain at least 150 fibers/cm3 of fibers >20 µm in length. A
recovery group should be included that, after termination of
exposures, is held unexposed for at least 3 mo to determine
if exposure-related effects persist. Key parameters to be
evaluated in the subchronic study include lung weight and
fiber burden, bronchoalveolar lavage (BAL) profile, cell
proliferation, fibrosis, and histopathology. Other parameters
may be added, depending on the fiber type.

The validity and utility of this testing strategy are well sup-
ported by the existing database for SVFs and asbestos fibers. For
other fibers, an early indication of biological activity and poten-
tial hazard may be obtained using other short-term assays that,
due to their technical limitations and lack of standardization,
are not routinely included in the basic testing strategy. Partic-
ularly for non-SVF fibers (e.g., crystalline and surface-treated
inorganic fibers), physicochemical assays for surface area and
reactivity and short-term, in vitro cellular toxicologic assays may
be useful to screen samples of fibers being considered for subse-

quent in vivo assays. Relatively few studies have been conducted
on organic fibers that would permit an assessment of the appli-
cability of specific short-term assay methods and the proposed
testing strategy to this class of fibers.

1. PURPOSE
Natural and synthetic fibers are a group of substances of po-

tential toxicological and public health concern. While many of
these fibers have wide industrial and commercial applications,
information regarding their potential impact on human health is
often limited. As a result, a “respirable fibers” category has been
added to the priority substances for health effects and exposure
testing (U.S. EPA, 1996).

A workshop on chronic inhalation toxicity and carcinogenic-
ity testing of respirable fibrous particles was cosponsored by the
U.S. EPA National Institute of Environmental, Health Sciences
(NIEHS), National Institute for Occupational Safety and Health
(NIOSH), and Occupational Safety and Health Administration
(OSHA) in 1995 (Vu et al., 1996). At that workshop, a number
of short-term in vitro and in vivo assays were discussed that may
be useful in assessing the relative potential of respirable fibers
to cause lung effects. More recently, in September 2000, the
U.S. EPA requested that the FIFRA Scientific Advisory Panel
(SAP) provide a scientific peer review of its proposed guideline
for evaluating the chronic toxicity and carcinogenic potential of
fibers. Among the SAP’s comments was a recommendation to
update the state-of-the-science on short-term assay systems that
might be available to assist in prioritizing fibers for testing and
to inform the design of long-term studies.

In spring 2003 the ILSI Risk Science Institute (RSI) con-
vened an expert working group to review and evaluate the avail-
able short-term assay systems for assessing fiber toxicity and
carcinogenic potential. Short-term assay systems are important,
at least in part, because the costs of carrying out chronic tests
on all new and existing fibers are prohibitive. In addition, short-
term assays may help to minimize the use of animals in toxicity
testing. The objectives of the working group were:

1. To summarize the current state of the science on short-term
assay systems for assessing potential fiber toxicity and car-
cinogenicity.

2. To offer insights and perspectives on the strengths and limi-
tations of the various methods and approaches.

3. To consider how the available methods might be combined
in a testing strategy to assess the likelihood that particular
fibers may present a hazard and therefore may be candidates
for further (e.g., long-term) testing.

This article, the product of the working group, provides an
update of the state of the science and offers insights on the
strengths and limitations of various approaches that may predict
the long-term toxicity and carcinogenicity of respirable fibers.
The strategy put forward is intended to describe the appropriate
use of a combination of tiered short-term assays in assessing the
potential for fiber toxicity and carcinogenicity and in prioritizing
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fibers for long-term testing. It should facilitate delineation of
fibers into those that are unlikely to present a hazard and those
that warrant further investigation.

The existing data regarding fiber toxicity and carcinogenicity
are based on chronic rodent assays using natural or synthetic in-
organic fibers. The common endpoints used in these assays are
biochemical markers of acute toxicity, persistent inflammation,
fibrosis, and induction of lung cancer or malignant mesothe-
lioma. Organic fibers may produce similar pathogenic effects,
although very few organic fibers have been evaluated in chronic
rodent assays. In addition, organic fibers have the potential to
induce hypersensitivity or adaptive immune responses in the
lungs. Evaluation of potential immunogenicity of organic fibers
requires a different testing strategy than the short-term assays for
toxicity and carcinogenity that will be presented in this article.

2. BACKGROUND
Fibers are useful and valuable materials for industrial and

construction purposes and are in widespread use. However, the
production and use of fibers and materials containing fibers pro-
duces the potential for release of respirable fibers that can be
inhaled and could have adverse effects. Those exposed to as-
bestos represent by far the greatest population exposed to any
respirable fiber type, and asbestos is still in use in huge amounts

FIG. 1. Representative classification of fibers.

throughout the world. Following the epidemic of disease that
arose from the mining and use of asbestos in the mid to late 20th
century, there has been considerable growth and development in
the use of other fiber types, both man-made and natural.

Fibers comprise a chemically and structurally heterogeneous
group of materials that are defined on a regulatory basis by
their shape. The World Health Organization (WHO, 1985) and
NIOSH (1994) define fibers as particles with the following di-
mensions: length >5 µm, width <3 µm, aspect ratio >3:1. This
definition is not health based and takes no account of compo-
sition, which is a key factor in understanding differences in the
pathogenicity of fibers. [Note also that the standard phase con-
trast optical microscopy (PCOM) method has a limit of detection
of approximately 0.3 µm; fibers thinner than this can only be
detected by electron microscopy.] Respirable fibers are those
that can reach the alveolar region upon inhalation.

The broad range of fiber types in use and the continued devel-
opment of new fiber types with new properties are a challenge
for the regulatory toxicology community. Figure 1 outlines some
of the different fiber types that have been considered for their
health effects; the list is not exhaustive but intends to demonstrate
the heterogeneity of fiber types that are available. The shaded
area of Figure 1 encompasses the group of fiber types known as
silica-based synthetic vitreous fibers (SVFs). SVFs, also called
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man-made vitreous fibers (MMVFs) or manufactured vitreous
fibers (MVFs), are noncrystalline (vitreous) materials manufac-
tured primarily from glass, rock, minerals, slag, and processed
inorganic oxides. The range of chemical and physical properties
of SVFs, their production methods, and their uses have been
summarized recently (IARC, 2002).

3. HEALTH EFFECTS OF FIBERS
Several types of pleural and parenchymal lung disease are

associated with inhalation of asbestos fibers (Table 1). Animal
models have proven to be appropriate surrogates for humans
for defining the various disease entities associated with asbestos
exposure. For many of these diseases, there is a correlation be-
tween the type of asbestos exposure, the intensity and duration
of exposure, and the severity of the disease. Pleural plaques and
fibrosis (including pleural pseudotumors or rounded atelectasis)
are markers of asbestos exposure but are not causally related to
lung cancer or diffuse malignant mesothelioma. Fibrotic scar-
ring of the pleura or lung parenchyma is a nonspecific reaction to
chronic inflammation or trauma; however, bilateral, symmetri-
cal pleural plaques usually indicate occupational or environmen-
tal exposure to asbestos fibers or erionite (Travis et al., 2002).
Asbestosis or diffuse interstitial fibrosis may progress after ces-
sation of exposure and is considered a risk factor for develop-
ment of lung cancer by some investigators (Churg & Green,
1998) but not by others (Nelson & Kelsey, 2002). The inci-
dence of lung cancer is greatly increased in cigarette smokers
or ex-smokers who are also exposed to asbestos fibers. Diffuse
malignant mesothelioma arising in the pleura or peritoneum oc-
curs less frequently and after a longer latency period than pleural
fibrosis or asbestosis; it can develop in the absence of asbesto-
sis or cigarette smoking and occurs more frequently in people
exposed to amphibole asbestos fibers or erionite. The associa-
tion between asbestos exposure and carcinoma of the larynx or
gastrointestinal tract is controversial (Churg & Green, 1998).

TABLE 1
Diseases associated with exposure to asbestos fibers

Animal
Disease Human models

Nonneoplastic pleural changes
Pleural effusion + +
Visceral pleural fibrosis + +
Parietal pleural plaques + +

Asbestosis (diffuse interstitial fibrosis) + +
Carcinoma of the lung + +
Malignant mesothelioma of the pleura + +

and peritoneum
Gastrointestinal carcinoma +/− +/−

Note. Adapted from Churg and Green (1998), animal data from
Hesterberg et al. (1993), Mast et al. (1995), McConnell (1994), and
McConnell et al. (1999). +/−, Conflicting reports.

An unusual form of interstitial pulmonary response that may
have an immunopathological component has been described in
workers exposed to nylon flock fibers (Warheit et al., 2001a;
Kern et al., 2000).

Crocidolite, chrysotile, tremolite, amosite, actinolite, and an-
thophyllite asbestos have been evaluated by IARC as proven
(Group 1) human carcinogens (IARC, 1987). IARC has also
evaluated glass wool, continuous glass filament rock wool/stone
wool and slag wool (IARC, 2002), para-aramid fibrils, and wol-
lastonite fibers (IARC, 1997) as having inadequate evidence of
carcinogenicity in humans (Group 3) but has classified refractory
ceramic fibers and special-purpose glass fibers (such as E-glass
microfibers) as possible human carcinogens (Group 2B) (IARC,
2002) (Table 2).

Glass wools and rock/slag wools have shown no carcinogenic
effects in humans or rodents but inflammatory effects have been
documented at high exposure. Refractory ceramic fibers (RCFs)
have produced lung cancer and mesotheliomas in rats, and RCF
has also produced mesotheliomas in hamsters. There are also
reports of pleural plaques in some human populations exposed
to RCFs, but no mesotheliomas have been reported.

In addition to fibers that have been evaluated by IARC, sil-
icon carbide whiskers have induced lung tumors after inhala-
tion in rats (Lapin et al., 1991; Miller et al., 1999). Induction
of mesothelioma was observed after intrapleural inoculation
(Johnson & Hahn, 1996), and after intraperitoneal injection a
high incidence of abdominal mesotheliomas was observed (Pott
et al., 1991). The pulmonary response after intratracheal instil-
lation in Fischer rats showed chronic inflammation and the de-
velopment of pulmonary granulomas in a study up to 18 mo
(Vaughan et al., 1993). An excess risk of lung cancer was ob-
served in a study in the Norwegian silicon carbide industry,
although other potentially carcinogenic dusts may have con-
tributed (Romundstad et al., 2001). Also, 3-mo aerosol expo-
sures to potassium octatitanate fibers produced pleural mesothe-
liomas in a few hamsters at 18 mo postexposure (Lee et al.,
1981).

The pathologic reactions associated with inhalation of weakly
toxic dusts (e.g., silicates) include dust macules and small air-
way fibrosis in both humans and animals. Nodular or diffuse
interstitial fibrosis that may extend to the visceral pleura is char-
acteristic of highly toxic dusts or fibers (e.g., crystalline sil-
ica, asbestos). Foreign-body granulomas are characteristic of
pneumoconiosis induced by silicates; rarely, these granulomas
may coalesce to nodular or diffuse fibrosis. Foreign-body giant
cells are occasionally seen in association with asbestos bod-
ies (Churg & Green, 1998). In general, the pathologic changes
characteristic of silicate pneumoconiosis (e.g., from talc not
contaminated with asbestos fibers) are less severe than asbesto-
sis, and these minerals are not classified as known or possi-
ble human carcinogens (Table 2). Rat inhalation studies using
amosite or chrysotile asbestos fibers in combination with crys-
talline silica or titanium dioxide appeared to enhance transloca-
tion of fibers to the pleura and produced more mesotheliomas
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TABLE 2
IARC evaluations of fibers

Fiber Overall evaluation Group

Asbestos (actinolite,
amosite, anthophyllite,
chrysotile, crocidolite,
tremolite)

Carcinogenic to
humans

Group 1

Erionite Carcinogenic to
humans

Group 1

Refractory ceramic fibers Possibly carcinogenic
to humans

Group 2B

Special purpose glass
fibers (e.g., E-glass
microfibers)

Possibly carcinogenic
to humans

Group 2B

Glass wool Not classifiable as to
their carcinogenicity
to humans

Group 3

Continuous glass
filament

Not classifiable as to
their carcinogenicity
to humans

Group 3

Rock (stone) wool Not classifiable as to
their carcinogenicity
to humans

Group 3

Slag wool Not classifiable as to
their carcinogenicity
to humans

Group 3

para-Aramid Not classifiable as to
their carcinogenicity
to humans

Group 3

Wollastonite Not classifiable as to
their carcinogenicity
to humans

Group 3

Palygorskite (attapulgite)
Long fibers (>5 µm) Possibly carcinogenic Group 2B
Short fibers (<5 µm) Not classifiable Group 3

Sepiolite Not classifiable Group 3

Note. Data from IARC (1987, 1997, 2002).

than amosite or chrysotile asbestos alone (reviewed by Davis,
1996).

Organic Fibers. Occupational exposure to natural organic
fibers, such as cotton, flax, hemp, and cellulose, has been doc-
umented. Exposure to cotton or flax dusts has been associated
with airway obstruction, airway hyperreactivity, and declines
in cross-shift dynamic lung volumes (Merchant et al., 1972;
Jacobs et al., 1993). The etiologic agent in these dusts appears
to be endotoxin rather than the natural organic fibers themselves
(Castellan et al., 1984, 1987). Indeed, animal inhalation expo-
sure to endotoxin-free cellulose appears to cause minimal pul-
monary response (Fischer et al., 1986). Pulmonary fibrosis is
not a common consequence of cotton dust exposure (Rylander

et al., 1987), and cotton textile workers exposed to cotton dust
have a lower than normal incidence of lung cancer (Lange,
1988).

Synthetic organic fibers (SOFs) have been produced for over
50 yr. Although some chemicals used in the production of these
fiber types have been investigated for adverse health effects in
occupationally exposed people there is a limited toxicological
database regarding the pulmonary effects of inhaled SOF dust.
This stems, in large part, from two perceptions: (1) Occupational
exposures to airborne SOFs are generally very low; (2) SOF
dust in the workplace was assumed to be nonrespirable (i.e.,
not small enough to deposit in the distal (gas exchange) regions
of the lung). Thus, it was assumed that occupational exposures
to respirable SOFs were not of concern. However, as SOFs are
being adapted for an increasing variety of applications, thin-
ner fibers are being produced, and newer processing techniques
(such as chopping or flocking) have resulted in significant lev-
els of respirable airborne dust and, in some cases, pulmonary
disease.

For example, nylon flock worker’s lung is an interstitial
inflammatory disease characterized by a prominent lympho-
cytic infiltrate and lymphoid follicles with germinal centers sur-
rounding bronchioles and alveolar ducts (Eschenbacher et al.,
1999).

In contrast, asbestosis is characterized by patchy interstitial
fibrosis that is more severe in the subpleural areas of the lower
lobes and accompanied by a mild lymphocytic infiltrate in most
cases (Travis et al., 2002). Organic fibers may trigger adaptive
immune or hypersensitivity responses in susceptible or sensitive
human populations (Eschenbacher et al., 1999).

Because much is known about the determinants of biologi-
cal activity of silicate fiber types, and relatively little is known
about the activity of SOFs, it is tempting to assume that what has
been learned about the former also applies to the latter. How-
ever, it is important to recognize that the following questions
remain unanswered for SOFs: Do the three D’s—dose, dimen-
sion, and durability (see section 5.1)—apply to SOFs? Are other
factors that are less important for SVF toxicology of greater
importance in determining the biological activity of SOFs—
such as surface area, chemical composition, surface activity,
hydrophilicity/hydrophobicity, antigenicity, and adsorbed fin-
ishes, dyes, and other additives? Are the pulmonary responses
to SOFs similar to inorganic fiber types (i.e., activation of signal
transduction pathways and cytotoxic factors upon cell-contact
with fibers, macrophage responses and lung inflammation; in
some cases fibrosis, and cancer)? Are the cellular and molec-
ular responses to SOFs qualitatively different from those of
silicate fiber types? Have immunological considerations been
adequately evaluated?

Respirability of fibers is primarily determined by aerody-
namic diameter, which is in turn determined by size, shape,
and density. SOFs are less dense and can be more curly than
SVFs. Furthermore, SOFs tend to have charged surfaces. This
creates challenges for air sample collection, as the charged
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fibers tend to adhere to the sides of air sample collection
devices.

4. PROPOSED MECHANISMS OF FIBROGENIC AND
CARCINOGENIC EFFECTS

Pathogenicity of fibers is a complex issue that depends
on multiple factors, including fiber dimensions; these factors
are discussed in depth in section 5.3. Fibers have an aerody-
namic diameter that is 1.5 to 3 times their actual diameter de-
pending on their density and length (Oberdorster, 1996), and
even very long fibers can penetrate deeply into the lungs, pro-
vided that they are thin. Long, thin fibers can penetrate be-
yond the ciliated airways to where they present the alveolar
macrophage system with problems of effective phagocytosis and
clearance. Slow clearance of long biopersistent fibers is well
documented (Coin et al., 1994; Hesterberg et al., 1998a; Searl
et al., 1999). Short fibers can be effectively phagocytosed by
macrophages, but under high exposure conditions short biop-
ersistent fibers can overload clearance mechanisms and may
be pathogenic. Macrophages have difficulty completely engulf-
ing long fibers and frustrated or partial phagocytosis can re-
sult in chronic stimulation of the macrophages and failure of
clearance. Fibers that penetrate beyond the ciliated airways
can interact with local target cells or translocate to other sites,
especially to the interstitium and the pleura, causing inflam-
mation and fibrosis that are potentially important processes in
carcinogenesis.

Several mechanisms have been proposed for the fibrogenic
and carcinogenic effects of fibers (Tables 3 and 4). Most of
these mechanistic studies have used inorganic, crystalline fibers,

TABLE 3
Direct mechanisms of asbestos fiber carcinogenesis

Mechanism Experimental end-points References

Genotoxic Oxidized bases Chao et al. (1996); Fung et al. (1997)
DNA breaks Reviewed in Jaurand (1996)
Aneuploidy Reviewed in Jaurand (1996); Jensen et al.

(1996)
Mutations Park and Aust (1998)
Deletions Reviewed in Hei et al. (2000)

Nongenotoxic
Mitogenic Target cell proliferation BéruBé et al. (1996); Goldberg et al. (1997)

Binding to or activation of
surface receptors

Boylan et al. (1995); Pache et al. (1998)

Growth factor expression Liu et al. (1996); Brody et al. (1997)
Activation of signaling

pathways
Reviewed in Mossman et al. (1997);

Manning et al. (2002)
Cytotoxic Apoptosis Broaddus et al. (1996); Goldberg et al.

(1997); Levresse et al. (1997)
Necrosis Reviewed in Kane (1996)

Note. Adapted from IARC (1999).

TABLE 4
Indirect mechanisms of asbestos fiber carcinogenesis

Mechanisms References

Cofactor with cigarette smoke Reviewed in Kane (1996);
Lee et al. (1998); Nelson
and Kelsey (2002)

Cofactor with SV40 virus Reviewed in Gazdar et al.
(2002)

Persistent inflammation with
secondary genotoxicity

Vallyathan and Shi (1997)

Persistent inflammation with
release of cytokines and
growth factors

Reviewed in Brody et al.
(1997)

Note. Adapted from IARC (1999).

and whether these same mechanisms operate for all fibers is
unknown.

4.1. Direct Effects
4.1.1. Fiber-Derived Free Radicals Damage DNA

There is abundant evidence that asbestos fibers (Hardy &
Aust, 1995) and some synthetic fiber types (Gilmour et al., 1997;
Donaldson et al., 1996; Pezerat et al., 1989) can generate free
radicals by different mechanisms, including hydroxyl radical,
by Fenton chemistry. It is hypothesized that these radicals can
form DNA adducts such as 8-hydroxy-deoxyguanosine (8-OH-
DG) (Hardy & Aust, 1995; Fubini & Otero-Arean, 1999) that
are misrepaired giving rise to mutations. This could potentially
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occur in any target cell that made contact with the fiber. As-
bestos has been reported to cause mutations resulting from
large deletions ranging in size from a few thousand to several
million base pairs (Hei et al., 1995). Asbestos has also been
reported to cause direct transformation of cells in vitro that
developed through sequential steps, including altered growth
kinetics, resistance to serum-induced terminal differentiation,
and anchorage-independent growth, and were finally tumori-
genic in nude mice (Hei et al., 2000).

Recent in vivo studies have confirmed some of these in vitro
genotoxicity endpoints. For example, lipid (Ghio et al., 1997)
and hydroxyl radicals have been measured after intratracheal
instillation of asbestos fibers in rat lungs (Schapira et al., 1994).
Two independent studies have found increased mutation fre-
quency at the lacI reporter gene locus in response to crocidolite
asbestos after inhalation (Rihn et al., 2000) or intraperitoneal
injection (Unfried et al., 2002). The latter study also found in-
creased levels of 8-OH-dG in DNA extracted from omentum
after intraperitoneal injection of crocidolite asbestos fibers in
rats.

4.1.2. Fibers Interfere With Mitosis
Fibers have been reported to directly interact with the mi-

totic spindle and chromosomes during mitosis (Hesterberg et al.,
1985) in in vitro studies. This could lead to aneuploidy, poly-
ploidy, binucleate cells, and micronucleus formation (Kane,
1996; Dopp et al., 1995; Ault et al., 1995), all of which are
relevant for carcinogenesis as confirmed by the fact that these
changes have been found in cell lines derived from human and
animal mesotheliomas (reviewed in Kane, 1996).

4.1.3. Fibers Directly Stimulate Proliferation of Target Cells
Several studies have demonstrated the ability of asbestos

fibers to stimulate cell proliferation. This has been demonstrated
following in vitro exposure of tracheobronchial epithelial cells
(Sesko et al., 1990), fibroblasts (Lasky et al., 1996), and pleu-
ral mesothelial cells (Heintz et al., 1993). Proliferation has also
been observed following in vivo exposure in the mesothelial
(Adamson et al., 1993) and airspace epithelial compartments
(Brody et al., 1987). Several mechanisms have been identified
for the proliferative effects of fibers: direct activation of growth
factor receptors, increased expression of growth factors, activa-
tion of intracellular signaling pathways, and compensatory cell
proliferation in response to apoptosis or necrosis (summarized
in Table 3).

4.2. Indirect Effects
4.2.1. Asbestos and Cigarette Smoke

Epidemiological evidence suggests that cigarette smoking
and asbestos produce a multiplicative risk for lung cancer (Kjuss
et al., 1986). Asbestos has a high surface area that may fa-
cilitate adsorption of carcinogens (Lakowicz et al., 1980) and

their delivery to tissues that they might not otherwise reach.
Several studies have demonstrated that polycyclic aromatic hy-
drocarbons (PAHs) bind to fibers (Lakowicz & Bevan, 1979)
and are then made available to microsomes, where they can
be activated (Kandaswami & O’Brien, 1983). PAHs and as-
bestos together were more potent in causing squamous metapla-
sia in vitro than either substance alone (Mossman et al., 1984).
Oxidants released from inflammatory cells or directly catalyzed
by fibers may exacerbate tissue injury and regeneration trig-
gered by cigarette smoke. Asbestos fibers have been proposed
to enhance chromosomal instability and mutations in the K-ras
oncogene and the p53 tumor suppressor gene in cigarette smok-
ers (reviewed in Nelson & Kelsey, 2002). Alternatively, genetic
or acquired alterations in DNA repair pathways may contribute
to the increased risk of lung cancer in cigarette smokers or ex-
smokers exposed to asbestos fibers (Hu et al., 2002; Hartwig,
2002).

4.2.2. SV40 Virus and Malignant Mesothelioma
SV40 virus has been proposed as a cofactor with asbestos in

the induction of malignant mesothelioma in humans but is highly
controversial (reviewed in Gazdar et al., 2002). SV40 virus has
also been found in spontaneous human osteosarcomas, as well as
in brain and pituitary tumors. Millions of people who received
polio vaccines in the 1950s and 1960s were inadvertently ex-
posed to SV40 virus, and it has been proposed that the virus is
transmitted vertically. SV40 viral T-antigen has been detected
in 60–80% of human malignant mesothelioma samples and cell
lines, although the sensitivity and specificity of this association
is currently controversial.

4.2.3. Fibers Provoke a Chronic Inflammatory Reaction
Leading to the Prolonged Release of Reactive
Species (ROS/RNS), Cytokines, and Growth Factors

Macrophages phagocytosing long fibers can be damaged
or can release mediators that cause inflammation, such as cy-
tokines, or those that cause bystander tissue damage, such as ox-
idants and proteases. Increased macrophage stimulatory or cyto-
toxic activity of long fibers has been demonstrated in vitro using
a range of fiber types (Brown et al., 1986), long and short amosite
asbestos fibers (Donaldson et al., 1992), and size-fractionated
glass fiber preparations (Ye et al., 1999). Ineffective phago-
cytosis and clearance of long fibers may also result in fibers
interacting with epithelial cells for protracted periods, which
could stimulate them to release proinflammatory chemokines
(Luster & Simeonova, 1998). Macrophages and polymorphonu-
clear leukocytes (PMN) recruited to the lungs can release an
array of oxidants and mitogens that could cause proliferation
(Robledo et al., 2000) and produce adducts, oxidized bases,
single- and double-strand breaks, and DNA cross-links (Driscoll
et al., 1997). These lesions are potentially mutagenic if they are
not accurately repaired.
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Inhalation of asbestos or erionite fibers at high doses in
humans causes diffuse interstitial fibrosis or asbestosis that is
usually more prominent in the lower lobes of the lungs. This
fibrotic reaction develops slowly but progressively, beginning
10 yr after the initial exposure. It is hypothesized that oxidants
and proteases released from alveolar macrophages activated by
phagocytosis of fibers damage the alveolar epithelial lining. In
addition, fibers may become translocated across the damaged
epithelium into the interstitium of the alveolar walls. This injury
can be repaired by a combination of epithelial regeneration by
Type II alveolar cells plus proliferation of fibroblasts with colla-
gen deposition in the interstitium. Upregulation of growth-factor
expression has been observed at sites of asbestos fiber deposi-
tion in rat lungs: Platelet-derived growth factor (PDGF) and
transforming growth factor (TGF)-β are hypothesized to trig-
ger fibroblast proliferation and collagen synthesis, respectively,
while TGF-α is mitogenic for alveolar epithelial cells (reviewed
in Brody et al., 1997). Fibers also translocate to the pleural space
following inhalation and accumulate near lymphatic openings
on the parietal pleura and the dome of the diaphragm (Boutin
et al., 1996); these are the anatomical sites where fibrotic or
calcified pleural plaques develop. Pleural plaques are consid-
ered as a marker of prior asbestos exposure; they can occur
even in the absence of asbestosis. Diffuse fibrosis of the vis-
ceral pleura can also occur, usually following repeated episodes
of pleural effusion that is also called benign asbestos pleurisy.
It is hypothesized that asbestos-induced pleural effusions are
caused by release of chemokines such as interleukin (IL)-8
from mesothelial cells (Boylan et al., 1992). Pleural fibrosis
and pleural plaques are hypothesized to develop after injury to
mesothelial cells and destruction of the basement membranes.
This injury is then repaired by mesothelial and submesothelial
cell proliferation and deposition of collagen (Davila & Crouch,
1993).

Recent experimental evidence based on animal models has
provided new insight about the mechanistic basis for the associa-
tion of chronic inflammation and fibrosis with cancer (Coussens
& Werb, 2003). Recruitment and activation of inflammatory
cells in response to persistent infection or asbestos fibers are
accompanied by release of reactive oxygen and nitrogen species

FIG. 2. Airborne fibers and host interactions.

that could damage DNA, induce oxidant stress, and lead to mu-
tations. Chronic inflammation is frequently accompanied by in-
creased epithelial cell turnover and type II cell hyperplasia in
the lung (Travis et al., 2002). Cytokines and growth factors de-
rived from inflammatory cells may contribute to proliferation
of preneoplastic cells; proteases released from activated stromal
cells may increase extracellular matrix turnover and facilitate
invasion of tumor cells (Tlsty, 2001).

5. CHEMICAL AND PHYSICAL CHARACTERISTICS
OF FIBERS POTENTIALLY RELEVANT TO HEALTH
EFFECTS

5.1. Introduction
Not all fibers, as defined by the WHO/NIOSH, are of equal

pathogenic potency. The likelihood that any airborne fiber sam-
ple will cause pathogenic effects depends on the crystallinity
and chemical composition of the fibers—which covers a wide
variety types (Figure 1)—and on their diameter, length and biop-
ersistence.

For an evaluation of the interactions of airborne fibers inhaled
by humans, it is useful to consider exposure–dose-response rela-
tionships (Figure 2). The term exposure should not be confused
with dose: The former can be expressed as an airborne concen-
tration (fiber number/cm3; µg/m3), whereas the latter refers to
the amount of fibers actually retained in the different regions
of the respiratory tract. Figure 2 shows specific parameters as-
sociated with exposure with respect to the sources, physico-
chemical properties, concentrations of fibers, and activities of
humans. The dose retained after inhalation of fibers depends on
the deposition and clearance/retention of the fibers, which can
be expressed as number, surface area, or mass (dose metric), and
the dimension of the fibers in terms of their lengths and diame-
ters. Ensuing responses, conditioned by individual susceptibili-
ties, include inflammatory, fibrotic, and carcinogenic endpoints,
with the last consisting of lung tumors and mesotheliomas. The
following paragraphs focus on the dose parameters outlined in
Figure 2, since they are of importance for hazard identification
and risk assessment. Dose, dimension and durability (the three
“D’s”) of fibers are the most important parameters for many
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fiber types, including SVFs, and are part of the individual fac-
tors shown in Figure 2.

5.2. Deposition of Inhaled Fibers
The main deposition mechanisms of inhaled fibers—like

those for spherical particles—include impaction (when there
are abrupt directional changes in the airways), sedimentation
(due to settling of airborne fibers by gravitational forces), and
diffusion (due to the movement of surrounding air molecules
[Brownian motion]). Although the first two mechanisms apply
to larger particles with aerodynamic diameters >∼0.5 µm, the
third mechanism, diffusion, becomes increasingly more impor-
tant for very small fibers with aerodynamic diameters equivalent
to unit density spherical particles <0.5 µm in diameter. A fourth
mechanism affects mainly longer fibers, that is, deposition via
interception when the ends of the fiber moving in an airstream
contact airway walls resulting in deposition of the fiber. This
mechanism results in an effective filtration of long fibers in the
nose, which is an important factor limiting the respirability of
long fibers in rodents as obligatory nose breathers.

When rodents and humans are exposed to the same concen-
tration of fibers of the same size distribution, the dose depositing
in their respective lower respiratory tracts will be quite differ-
ent since fiber respirability differs significantly between these
two species. Respirability is defined as the fraction of inhaled
fibers reaching the alveolar region. Although qualitatively the
shape of fiber deposition curves in the lung are similar between
rats and humans, the aerodynamic diameters of both fibrous and
nonfibrous particles that will reach the alveolar structures of the
rodent and human lung are very different. There is a theoretical
upper limit aerodynamic diameter of ∼3 µm for fibers reaching
the centriacinar region in the rat lung and ∼6 µm in the human
lung (Dai & Yu, 1998; Oberdorster, 1996).

5.3. Aerodynamic Diameter and Fiber Dimensions
The parameter “aerodynamic diameter” is very important

when describing the movement and deposition efficiency of
inhaled fibrous and nonfibrous particles. For any particle, the
aerodynamic diameter of an irregularly shaped particle is equiv-
alent to the geometric diameter of a sphere of unit density that
has the same terminal settling velocity in still air as the par-
ticle in question. With respect to fibers, this relationship be-
tween geometric diameter and aerodynamic diameter depends
on both fiber diameter and fiber length, whereby the diameter
has a much greater influence. Specific density of the fiber plays
a role as well. Aerodynamic principles of particle deposition in
the lungs predict that thicker, higher density fibers will be less
respirable and either will not enter the lower respiratory tract
or will deposit in the upper airways to be effectively cleared by
the mucociliary escalator. A fiber with a diameter of 3 µm is
classified as a regulated fiber by WHO/NIOSH but would de-
posit with very low efficiency in the region of the human lung
beyond the ciliated airways, as the deposition curves show that
this fiber is at the borders of respirability. This contrasts with

fibers of 0.1 µm aerodynamic diameter that deposit with opti-
mal (around 50%) efficiency; similar considerations apply in the
rat (Oberdorster, 1996). Density affects aerodynamic diameter
but has not been considered as an important variable, since the
most studied fibers, asbestos and the SVFs, have a density that
is 2–3 g/cm3; however, organic fibers may have densities of less
than 1 g/cm3, which would increase their respirability.

Stanton, using implantation of fibers into the rat pleura, and
Pott, using intraperitoneal injection, identified that very short
fibers were less pathogenic as measured by their ability to cause
“pleural sarcomas” or peritoneal mesothelioma. Stanton also
suggested that fibers longer than about 8 µm were more car-
cinogenic than shorter fibers (Stanton et al., 1981). Davis and
coworkers demonstrated that long fiber amosite was highly car-
cinogenic by inhalation and that the same mass exposure to
a preparation of the same fibers, dramatically shortened by
milling, produced virtually no tumors or fibrosis (Davis et al.,
1986); however, subsequent studies showed some surface dif-
ferences between the original and the ground material (Gilmour
et al., 1995; Hill et al., 1995). Muhle et al. (1987) also found
short-fiber crocidolite not to be carcinogenic after inhalation. A
range of fibers of different composition were studied for their
ability to cause pathology in the Swiss RCC studies, and analysis
of these data indicated that extent of biopersistence and propor-
tion of fibers longer than 20 µm were the best descriptors of the
ability of any inhaled fiber preparation to cause tumors in rats
(Bernstein et al., 2001a, 2001b). In Scotland the Colt fiber pro-
gram analyzed the RCC data plus data from their own studies
with different fibers and came to the same conclusion (Miller
et al., 1999). In further confirmation of the role of fiber length,
inhalation studies by the National Institute of Environmental
Health Sciences (National Institutes of Health, NIH) showed
that a long-fiber chrysotile asbestos sample was carcinogenic
(McConnell et al., 1984), whereas the same mass concentra-
tion of short-fiber-length chrysotile was not (Ilgren & Chatfield,
1998).

5.4. Clearance of Deposited Fibers
In general, the dose of an inhaled compound retained in the

respiratory tract at any time is equivalent to the deposited dose
minus the amount cleared. For poorly soluble compounds, in-
cluding fibers, several physiological clearance mechanisms con-
tribute to their elimination from lung, which include (Figure 3):

• Movement by the mucociliary escalator in the nose and
tracheobronchial region.

• Phagocytosis by alveolar macrophages in the alveo-
lar region (this is limited to fibers that can be phago-
cytized by macrophages, i.e., long fibers are not sub-
jected to this clearance mechanism; in rats the normal
macrophage-mediated clearance of poorly soluble par-
ticles of low cytotoxicity occurs with a retention half-
time of about 70 days, whereas in humans this retention
halftime is between 400 and 700 days).
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FIG. 3. Biopersistence of a fiber.

• Interstitial translocation of deposited fibers, including
translocation to the pleural sites, which appears to be
more efficient for short fibers (Gelzleichter et al., 1999).

• Clearance via lymphatic channels once fibers have
reached the interstitium (this pathway also is limited by
size with a maximal fiber length of ∼9 µm; Oberdörster
et al., 1988).

In addition to these physiological clearance mechanisms, spe-
cific physicochemical processes (leaching, dissolution, break-
age) will also contribute to the elimination of fibers, and to-
gether these mechanisms define the biopersistence of a fiber in
the respiratory tract (see section 5.5).

With respect to defining a threshold of fiber length below
which fibers are less pathogenic, it is hypothesized that phago-
cytosis by alveolar macrophages is a decisive factor. Fibers de-
posited in the lung that are too long to be completely phagocy-
tized by alveolar macrophages are less likely to be cleared out of
the alveolar compartment unless they are biosoluble. Thus, they
can interact with epithelial cells, may become interstitialized,
and are more likely to be transported to pleural sites than short
fibers which are readily phagocytized by alveolar macrophages.
A limiting factor for alveolar macrophage phagocytosis is the
diameter of the macrophages in the alveolar space, and respec-
tive values have been reported to range between 10.5 and 13 µm
for the rat and between 14 and 21 µm for humans (Crapo et al.,
1983; Lum et al., 1983; Stone et al., 1992; Sebring & Lehnert,
1992; Krombach et al., 1997). This size limitation for effec-
tive macrophage-mediated clearance has to be considered when

extrapolating from rodent fiber inhalation studies to humans.
Although these numbers should not imply that fibers longer
than the diameter of a macrophage cannot be phagocytized—
alveolar macrophages certainly can phagocytize fibers longer
than their diameter by adapting their shape—they indicate those
fiber length categories that may be most pathogenic. The concept
of long fiber pathogenicity has been emphasized by regulatory
agencies (e.g., EC Directive on Classification of Synthetic Vitre-
ous Silicate Fibers) and at scientific meetings (Vu et al., 1996).
Primarily, fibers longer than approximately 15 µm in length
should be considered with respect to a tumorigenic potential, and
special attention should be given to their determination in ani-
mal studies evaluating biopersistence of newly developed fibers.
It appears, however, that for noncancer endpoints the number of
all fibers should be considered, since even completely phago-
cytized fibers result in activation of alveolar macrophages and
will contribute to an increase in the degree of an inflammatory
response.

5.5. Biopersistence
The Existing Database. A fiber is biopersistent when it re-

mains in the lungs despite physiological clearance, translocation
and dissolution/breakage. Most of our knowledge of the role of
biopersistence as it relates to the process of carcinogenesis is
based on a number of large studies where a range of fibers were
tested in animal studies, principally the RCC studies, but also
the IOM/Colt studies (see Table 5). Most of the fibers studied
were noncrystalline SVFs, with asbestos as a positive control.
Thus, the database on the links between in vitro biopersistence,
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TABLE 5
General scheme relating biopersistence and pathogenicity of natural and synthetic fibers in chronic rodent

inhalation assays

Persistent Lung
Fiber type Biopersistence inflammation Fibrosis cancer Mesothelioma

Chrysotile asbestos +/− + + + +
Crocidolite asbestos + + + + +
Amosite asbestos + + + + +
Refractory ceramic fiber (RCF1) + + + + +
Special-purpose glass fibers (e.g., E-glass microfibers) + + + + +
Rock (stone) wool +/− +/− +/− − −
Glass wool − − − − −
Slag wool − − − − −
Wollastonite − − − − −
para-Aramid fibrils − +/− +/− − −

Note. Specific fiber chemical compositions may fall into different categories depending on their individual characteristics. From McConnell
et al. (1984, 1991; McConnell, 1994), Warheit (1995), Bernstein et al. (2001a), and IARC (2002).

in vivo biopersistence, and pathologic effects is derived from
this limited class of silica-based synthetic vitreous fibers. The
extent to which this understanding of biopersistence that we
have gained for these fibers is generalizable to other fibers (e.g.
organic fibers, crystalline fibers, nonoxide fibers) is not known,
and more research is needed before we use the same paradigm
for these other fiber types.

The Effects of the Lung Milieu on Fibers. Fibers vary in
their structural response to residence in the milieu of the lung.
The chemical structure of some fibers renders them wholly or
partially soluble, and such fibers are likely to either dissolve
completely, or dissolve until they are sufficiently weakened fo-
cally to undergo breakage into shorter fibers. Short fibers are
then likely to undergo successful phagocytosis and clearance by
the macrophage system (Figure 4).

Fiber dissolution in the lung could occur both intracellu-
larly and extracellularly. In either scenario there is a decrease

FIG. 4. Disposition and fate of fibers in the lung.

in the number of long fibers. Chrysotile asbestos contains a
“Brucite” layer of magnesium hydroxide in its “carpet roll”
structure, and this readily leaches, contributing to the relatively
lower biopersistence of chrysotile (Morgan, 1997) compared
to the amphiboles, which have no such leachable weak point
in their structure. Studies with man-made fibers have identi-
fied that biopersistence is a major factor in determining the
ability to cause pathological effects in animals in long-term
studies (Hesterberg et al., 1998a, 1998b; Miller et al., 1999;
Oberdorster, 2000). In vivo (Bellmann & Muhle, 1994; Muhle
& Bellmann, 1995) and in vitro (Hesterberg et al., 2002) as-
says have been developed to predict long-term in vivo bioper-
sistence. However, in vitro assays do not subject the fibers to the
full spectrum of influences that could determine biopersistence
in the lungs and are better described as measures of durability
that can be used to extrapolate biodurability and biopersistence.
Nevertheless, in the absence of other information, these assays
may indicate whether a given fiber is likely to cause disease if
inhaled.

Some organic fibers appear to also be susceptible to degrada-
tion through an enzymatic mechanism (Hesterberg et al., 2000).
There is little data available on the biopersistence of other or-
ganic fibers. In one study the durability of cellulose fibers in rat
lungs was investigated and the cellulose fibers were found to
be more biopersistent than ceramic fibers (Muhle et al., 1997).
Inhalation studies with p-aramid respirable-sized, fiber-shaped
particulates (RFP) have demonstrated that the respirable fibers
that deposit in the alveolar regions of the lung are biodegraded
(shortened) prior to rapid clearance (Warheit et al., 1992). In
addition, in a 4-wk inhalation study in rats with Nylon RFP
(mean length, 9.8µm; mean diameter, 1.6µm), lung clearance of
Nylon RFP was rapid, beginning 1 mo postexposure and through
the 12-mo postexposure period (Warheit et al., 2003).
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5.6. Chemical Composition
Surface Reactivity. Surface composition regulates fiber up-

take, protein adsorption, free radical generation, and release of
metallic ions, which are processes implied in the pathogenic
mechanisms elicited (reviewed in Fubini et al., 1998). Most pub-
lished studies have dealt with crystalline fibers such as asbestos,
and fewer studies have dealt with the activity of amorphous
fibers.

The presence of iron at the fiber surface plays a crucial role
in most of the above processes (Hardy & Aust, 1995; Keeling
et al., 1994; Kamp & Weitzman, 1999). Iron may be an integral
constituent in the chemical composition of the fibers, as in most
amphibole asbestos and in slag and rock wools, may be present as
substitute of similar ions (Mg2+ in chrysotile asbestos), or may
be an impurity acquired from the environment or endogenously
(reviewed in Fubini & Otero-Arean, 1999).

Free Radical Generation. Mineral fibers may generate free
radicals and reactive oxygen species (ROS) in cell-free mod-
els and ROS and reactive nitrogen species (RNS) in vitro cell
cultures. Weitzman and Graceffa (1984) were the first to re-
port a consistent release of ·OH from various asbestos types
in cell free systems. Fiber-generated and cell-generated reactive
species may subsequently react; for example, the radical species
O·−

2 and NO, yielding peroxynitrite (OONO· -) or O·−
2 and also

free oxygen and H2O2 yielding the hydroxyl radical (·OH) in the
presence of transition metal ions (Halliwell & Gutteridge, 1986;
Fubini et al., 1998). This free radical is a highly reactive species,
capable of causing, among other deleterious effects, DNA dam-
age, protein oxidation, and lipid peroxidation (Hardy & Aust,
1995; Kamp & Weitzman, 1999; Aust & Eveleigh, 1999).

At least three different mechanisms of surface-generated free
radicals may take place, each one triggered by a different type
of active surface site (see Box 1):

1. Fenton chemistry (Fe2+ in presence of H2O2 yields ·OH).
2. Haber–Weiss cycle (in the absence of H2O2 and Fe2+, en-

dogenous reductants allow progressive reduction of atmo-
spheric oxygen to ·OH).

3. Homolytic rupture of a carbon–hydrogen bond in biomo-
lecules, with formation of a carbon-centered radical.

While mechanism 1 is relevant only in biological compartments
where H2O2 is present, mechanisms 2 and 3 may occur ubiq-
uitously. Traces of iron are sufficient to trigger mechanism 1
on most mineral fibers, and radical yield is unrelated to the
amount of surface iron (Fubini et al., 1995; Fubini & Mollo,

1) Fe(II)(surface) + H2O2 →Fe(III) + OH−+ ·OH
2) Reductant + Fe(III)(surface) → oxidized reductant + Fe (II)

Fe (II) + O2 → Fe (III) + O·−
2

O·−
2 + 2H+ + e− → H2O2

Fe(II) + H2O2 → Fe(III) + OH− + ·OH
3) −C–H + X(surface site or free radical) → −C· + HX

BOX. 1. Mechanisms of fiber-generated free radicals.

1995). Chrysotile and some mineral fibers with low iron content
exhibit, in fact, a radical-generating potential close to that of
the amphiboles. Mechanism 2 is active in most asbestos forms,
provided ferrous iron is present (Pézerat et al., 1989; Hardy &
Aust, 1995; Fubini et al., 1995; Fubini & Mollo, 1995; Gulumian
et al., 1999) and in some cases correlates with DNA base hydrox-
ylation (Nejjari et al., 1993). The surface sites involved in this
reaction, however—few isolated and poorly coordinated iron
ions—become inactive following surface modifications brought
about by thermal treatments (Fenoglio et al., 2001; Tomatis et al.,
2002a) or chelating agents (Martra et al., 2003). Mechanism 3
either may be directly triggered by surface sites or may be the
effect of the reaction of a short-lived radical, for example, ·OH,
with the target molecule. For all mechanisms there is now con-
siderable evidence that not all iron species are equally bioactive
(Gulumian et al., 1993a, 1993b, 1999; Fenoglio et al., 2001;
Martra et al., 2003), while powdered iron oxides are fully in-
active (Costa et al., 1989; Fubini et al., 1995; Fubini & Mollo,
1995). Amphibole asbestos samples heated up to 400◦C in air
(Tomatis et al., 2002a) or selectively deprived of ferrous iron
(Fubini et al.,1995) lose their potential for mechanisms 2 and 3,
but retain reactivity for mechanism 1, as long as their crystal
structure is preserved (Tomatis et al., 2002a).

Iron Removal or Deposition. Iron may be removed in sub-
stantial amounts from asbestos by endogenous chelators. DNA
single-strand breaks (SSBs) were related to the extent of iron
removed from the fibers (reviewed by Hardy & Aust, 1995). In-
duction of DNA SSBs decreases in crocidolite deprived of iron
by desferrioxamine (Chao & Aust, 1995). Iron depleted cro-
cidolite undergoes a progressive amorphization of the external
layers (Mollo et al., 1994) and disruption of its crystal structure
(Prandi et al., 2002), suggesting strong chelators as possible de-
contaminating agents.

Comparing various natural and artificial fibers (amosite and
crocidolite asbestos, refractory ceramic fibers [RCFs], SVFs),
there was a poor correlation of the ability to cause oxidative
DNA damage in vitro with iron release (Gilmour et al., 1995).
Moreover iron-enriched crocidolite did not increase SSBs in
DNA, but more iron was removable by chelators (Hardy & Aust,
1995b). DNA damage appears thus more related to the potential
of fibers to generate free radicals than to their mobilizable or
bulk iron content. On variously heated amosite and crocidolite,
Fenton chemistry (mechanism 1) correlates with supercoiled
DNA damage better than mechanisms 2 and 3 (Otero Aréan
et al., 2001, Tomatis et al., 2002a).

Deposition of iron causes conflicting effects, likely related to
the thickness and the chemical nature of the deposited layer. Iron
deposition increased the ability to induce DNA damage in iron-
deprived crocidolite (Hardy & Aust, 1995b) and erionite (Eborn
& Aust, 1995), and in larger amounts caused “detoxification”
of crocidolite (Gulumian et al., 1993b) and reduced cytotoxicity
and morphological transformation of embryo cells by ceramic
fibers (Elias et al., 2002). Iron supplementation inhibited cro-
cidolite stimulation of nitric oxide synthase (NOS) activity and
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expression in glial and alveolar murine macrophages (Aldieri
et al., 2001).

Ferritin, a component of ferruginous bodies (Churg &
Warnock, 1981), is strongly adsorbed on amosite and croci-
dolite asbestos (Fubini et al., 1997). In agreement with the
increased DNA damage found for amosite-core asbestos bod-
ies when compared to the effect produced by the naked fiber
(Lund et al., 1994), ferritin-covered amosite caused, with traces
of ascorbic acid, enhanced radical damage to DNA (Otero Areàn
et al., 1999). In contrast, iron-enriched crocidolite fibers ex vivo
showed a decrement in oxidant generation (Ghio et al., 1997).

Fiber Coating and Protein Adsorption. The bioactivity of
an inhaled fiber may be influenced by the adsorption of pro-
teins and lipids from the fluid lining the respiratory tract, and
in vitro the following effects are seen. Immunoglobulin G en-
hanced the macrophage response to chrysotile but not to croci-
dolite, because of the opposite surface charge of the two fiber
types (Scheule & Holian, 1990). Vitronectin, but not fibronectin
or other proteins, increased crocidolite fibers internalization by
mesothelial cells (Boylan et al., 1995). Opsonization with im-
munoglobulin enhanced stimulation of macrophages by long
but not by short amosite fibers (Hill et al., 1995). In spite of
the higher surface area of short fibers relative to the long ones,
the long ones adsorbed threefold more immunoglobulin than the
short ones. Incubation of chrysotile asbestos in dipalmitoylphos-
phatidylcholine (DPPC, a major component of pulmonary sur-
factant) suppressed membranolysis, but genotoxic effects were
either unaffected or only partially decreased, depending on fiber
length (Lu et al., 1994). In another study (Brown et al., 1998a),
when crocidolite asbestos or a range of SVFs was coated with
immunoglobulin G (IgG) or lung surfactant, there were distinct
fiber-specific effects. Coating with IgG enhanced the ability of
asbestos, silicon carbide, refractory ceramic, and glass wool
fibers to stimulate an oxidative burst but had no effect on heated
refractory ceramic fibers or special-purpose glass fibers in this
regard. In contrast, coating with surfactant inhibited the ability
of all fibers to stimulate an oxidative burst.

Surface Hydrophilicity/Hydrophobicity. The degree of sur-
face hydrophilicity/hydrophobicity regulates cell surface adhe-
sion, protein denaturation, and uptake of endogenous molecules
(Fubini et al., 1998). Heating silica-based materials progres-
sively converts hydrophilic surfaces into hydrophobic ones.
Heated ceramic fibers showed less affinity for the surface of
V79-4 cells and a lower toxicity toward these cells and toward
macrophage-like cells (Brown et al., 1992). RCF3 (from the
TIMA bank) heated for 24 h at 800◦C became fully hydropho-
bic and much less cytotoxic and transforming than the original
ones (Tomatis et al., 2002b)

Chemical Composition and Pathogenicity. Chemical com-
position affects both surface reactivity and biopersistence and
thus is a determinant of fiber pathogenicity. Studies with silica-
based vitreous artificial fibers (SVFs) tend to suggest that all of
the variability in the experimental pathogenicity of respirable
fibers can be explained by three factors: dose, biopersistence,

and length. However, in many cases composition clearly plays a
more complex role. The combinations of several surface prop-
erties (e.g., reactive transition metals, hydrophilicity, reactivity
toward protein and peptides), in fact, and not one single feature,
determine pathogenicity for many fibers (Fubini et al., 1998;
Fubini & Otero Arean, 1999). For example, erionite, a fi-
brous form of zeolite, was almost 100% effective in producing
mesotheliomas in the rat by inhalation at high concentrations
(Wagner et al., 1985) yet was not especially long (about 2%
longer than 20 µm). Davis et al. (1996) also reported on a sample
of silicon carbide fibers that was exceptionally active in causing
mesotheliomas following inhalation exposure at high concen-
trations, but again was not especially long (about 10% longer
than 20 µm). Silicon carbide fibers showed a very marked ability
to stimulate the release of tumor necrosis factor (TNF)-α from
macrophages (Fisher et al., 2000) but did not appear to operate
through oxidative stress mechanisms (Brown et al., 1998b) and
were low in bioavailable iron (Fisher et al., 1998). Erionite may
be able to accumulate biological iron in reactive form (Eborn &
Ault, 1995). While new experimental data are required to corre-
late each surface property to a given biological response, there is
currently no single physicochemical parameter that can be used
to predict carcinogenicity for all fiber classes. Surface features
reported to play a role in the overall biological outcome also
should be considered.

6. TESTING METHODS
Conducting chronic inhalation studies in rodents for every

new fiber introduced into commerce is not practical, considering
the large number of fibers that are continually being developed
and proposed for use. These studies are very costly (>$4 million
for a single fiber), typically use hundreds of animals, take more
than 3 yr to accomplish, require sophisticated exposure facilities,
and are technically difficult. Therefore, it is incumbent on the
scientific community to identify shorter, simpler assays that are
adequately predictive.

Short-term assays are defined here as those that are 3 mo or
less and should be aimed at both cancer and noncancer end-
points. Based on an understanding of the mechanisms of lung
disease caused by fibers, it may be possible to define a tiered
system that allows investment in the testing process to be min-
imized by allocating fibers to predicted low, medium, or high
hazard categories, at any stage. Several such tiered strategies
have been suggested previously (Meldrum, 2002; Fubini et al.,
1998; Vu et al., 1996; Brochard & Bignon, 1995; McClellan
et al., 1992). In deriving a tiered strategy, it is important to rec-
ognize the limitations of the available assays. Many of the tests
are unvalidated and have been used with only a few fibers of
limited specific type, have not been validated against animal or
human study results, and have not been studied in mixed dust
exposures, such as invariably occur in workplaces.

The report of the 1995 U.S. EPA workshop on testing of
fibers (Vu et al., 1996) stated: “In this workshop the expert panel
concluded that at present no single assay or battery of short-term
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assays can predict the outcome of a chronic inhalation bioassay
with respect to carcinogenic effects” (p. 211). The situation is
somewhat changed 9 yr later, at the time of writing of the present
document, due to the accumulation of data demonstrating the
importance of biopersistence. The Vu et al. report identified three
tiers of testing:

Tier 1. Evaluation of the physicochemical properties of the
fibers.

Tier 2. In vitro tests.
Tier 3. Short-term in vivo tests.

6.1. Deriving a Sample for Testing
The starting point in deriving a sample for testing in such a

tiered approach (Figure 4) is the current dominant hypothesis
for the mechanism of fiber-mediated lung injury and disease,
namely, that it is the long, respirable, biopersistent fibers that
are the most pathogenic. It is important to point out that the
tests envisaged are tests for hazard identification. There will not
necessarily be data on exposure assessment, and the approach
can be seen as a “worst-case scenario”—that is, the testing of
samples enriched for long fibers at high exposures, when the
human experience may be characterized by very much lower
exposures.

Based on what is known from the silica-based synthetic vitre-
ous fiber paradigm, the initial step should involve the preparation
of a sample of long, respirable fibers (if there is potential for ex-
posure to such fibers during the life cycle of the product) in
order to avoid false negatives from the use of samples that are
short. In the RCC studies (Bernstein et al., 2001a, 2001b) the
starting point was fibers that had a mean length of 20 µm and
that had a diameter less than 3 µm. If short fibers were to be
used in the screening test, then this could produce a false nega-
tive since length is known to be an important factor in dictating
pathogenicity.

The U.S. EPA guideline for chronic testing of respirable fi-
brous particles recommends the following:

To maximize sensitivity of animal inhalation exposure studies
to health effects of fibers, the test material should consist of rat-
respirable fibers which should be enriched with the most potent frac-
tion of long, thin fibers or fibers with high aspect ratios. As far as
is technically feasible, the aerosol should be cleaned up from non-
fibrous particles. The aerosol should be characterized in terms of
fiber and non-fiber/particle size and number; fiber number should
be expressed by total fibers and by fiber length, e.g., WHO fibers
(greater than 5 µm in length), fibers greater than 10, 15 and 20 µm
in length. If enriching the test aerosol with long, thin fibers is not
feasible, the reasons should be clearly stated and justified, and the
enrichment should be for the longest fibers or fibers with the highest
aspect ratios available. The aerosolized fibers should be discharged
to Boltzmann equilibrium before being delivered to the test species.
(U.S. EPA, 2001, p. 4)

For the investigation of the biopersistence of fibers it is essen-
tial that the diameter also is clearly defined. The European Union
(EU) recommends that fibers used in biopersistence tests should

have a geometric mean diameter as close to 0.8 µm as possi-
ble and longer than 20 µm if technically feasible (EU, 1997).
The geometric mean diameter of those fibers longer than 5 µm
should be as close to 0.6 µm as possible, if technically feasible.
In addition, for studies involving the evaluation of any patholog-
ical endpoints, the number and size distribution of fibers should
be similar. Of particular importance as well is that the number
of nonfibrous particles should also be comparable between fiber
samples. For the aerodynamic sizing of the fibers, bulk materials
without binder should be used because the binder material can
lead to an enrichment of the granular binder particles.

Therefore the starting point should be a system for deriving
a sample of fibers with the dimensions described above if they
are relevant to the exposure scenario. A long respirable fiber
sample should then be used in the tests for biological activity.
Since dissolution in vitro is not based on assessing long fibers, it
does not necessarily require preparation of a long fiber sample.

Because the average diameter of most bulk fiber materials
is greater than 10 µm, extensive size separation procedures are
necessary to isolate the long respirable fiber fraction. For ex-
ample, it typically requires processing of 1000 kg of bulk fiber
to obtain 10 kg of fiber with average dimensions of 1 µm ×
20 µm. It should also be borne in mind that short fibers and
granular fragments could make a contribution to adverse non-
cancer effects (Bellmann et al., 2001), so nonfibrous particles
should be kept to a minimum in the test sample. There may be
a case for enriching for long fibers but ensuring that there is a
short fiber component, as this more closely mimics the work-
place exposure and the short fibers are likely to impact on a
different compartment of the lung (overload/clearance/toxicity)
from that of the long fibers.

Preparation of synthetic organic fiber (SOF) samples for toxi-
city testing has its own unique challenges. Because the diameters
of most organic fiber types are too large to be rat respirable, sig-
nificant efforts are often necessary to derive an appropriate sam-
ple of rat-respirable fibers for testing. Moreover, a new nomen-
clature has been established for respirable SOFs (referred to as
RFP, respirable-sized fiber-shaped particulates) to distinguish
them from the nonrespirable forms. Three examples demon-
strate the complexity of generating samples for testing:

1. In order to conduct a study with p-aramid RFP, a sample of
p-aramid pulp (containing <40% respirable fibers) was ex-
tensively processed in a pulping operation for several weeks.

2. Similarly, to conduct a 4-wk inhalation study with Nylon
RFP in rats, the test substance, supplied as white, 18-denier,
trilobal chopped and ground fibers, was washed (to remove
fiber-finishes), dried, and cut in a flocking plant to (a) sim-
ulate exposures to workers in the flocking industry and
(b) generate respirable samples of fibrous Nylon. It should
be noted that in order to conduct a 4-wk inhalation study
with respirable Nylon RFP aerosols, a small fraction, only
<10% of the original starting material (1000 lb), ultimately
was used for the inhalation studies, requiring more than a
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year of technical effort for Nylon processing. Moreover, the
ratio of WHO fibers to nonfibrous particulate in the sample
was 1:10–20. Although this was an unintended consequence
of the fiber preparation, this ratio better simulated the occu-
pational environment in the flocking plants.

3. Recently, a new organic fiber type was supplied for a prelimi-
nary pulmonary bioassay toxicity screen. This nonrespirable
SOF type (which was supplied on a spool) has never been uti-
lized commercially; thus, the nature of future occupational
exposures is unclear. After initial processing in a pulping
operation, the fiber preparation has been subjected to a va-
riety of additional processing strategies in order to obtain a
“respirable sample” that can be utilized in an intratracheal
instillation pulmonary bioassay study.

To summarize, the silica-based vitreous fiber paradigm for
preparing a respirable fiber sample may not be relevant for pro-
cessing and preparing synthetic organic fibers for toxicology
tests (Warheit et al., 1992, 2001a, 2002).

6.2. Benchmark or Control Fibers
It is desirable that benchmark fiber samples be utilized in

these tests wherever possible to serve as positive and negative
controls. It may not be necessary for a given institution to in-
clude positive and negative controls in every study, as this would
add considerably to cost, and recent historical data may suffice.
A rational benchmark fiber panel would consist of a bioper-
sistent fiber (vitreous or long amphibole) and a biosoluble fiber
(e.g., MMVF34); these should be prepared according to the same
guidelines for length and respirability and should be tested in
parallel with the test samples. The dimensions (length and di-
ameter bivariate distribution) of the control fibers should be as
close as possible to the dimensions of the fibers to be tested;
deposited lung burdens should match those of the test fibers in
terms of fiber sizes and fiber number concentrations. This may
require adjustment of the inhaled concentration if the aerody-
namic properties of the control fibers and of the test fiber differ
significantly (e.g., difference in specific density). The amount of
nonfibrous particles should be similar in control and test fibers.

A further example of benchmarking may occur when newer
fiber types are used that may cause novel types of adverse ef-
fects. It is, for example, possible to envisage an organic fiber
causing immunopathological effects. In this case the adverse ef-
fect should be benchmarked and a relevant control utilised that
produces the same adverse effect. For example, if extrinsic al-
lergic alveolitis were suspected to be caused by an organic fiber,
then a suitable control inhaled allergen (e.g., ovalbumin) in a
suitable regimen should be utilized.

[At the present time, no benchmark organic fiber types are
available to serve as controls for organic fiber studies.]

6.3. Physicochemical Characterization
Any new fiber type should be characterized before in vitro

and in vivo testing. The following recommendation for testing

strategy is partly drawn from the ECVAM Workshop Report
Number 30 (Fubini et al., 1998).

Characterization of Fibers as Received (Bulk)
Where applicable, fiber samples for in vitro and instillation

studies and starting material for inhalation studies should be
examined to evaluate the following features:

• Chemical composition of the bulk (inductively coupled
plasma–mass spectroscopy, ICP-MS).

• Crystallinity (x-ray diffractometry [XRD] or transmis-
sion electron microscopy [TEM]).

• Specific surface (BET method).
• Morphology of fibers (TEM/SEM).
• Chemical composition of outmost layers (SEM/TEM

+ EDS [electron dispersion analysis]).

Wetability and the presence of binders should also be assessed:
Care should be taken that before any test the fibers are:

• Washed and stored in a clean environment.
• Mildly sonicated to avoid agglomeration (high-energy

sonication may activate chemical bonds).
• With cell culture tests, the cell growth medium should

not contain quenchers of radicals or ion chelators.

Characterization of Fibers in Aerosol for Inhalation Studies
For inhalation studies of biopersistence or for short-term stud-

ies of biological effects, the following properties should also be
defined:

• Morphology of airborne fibers (TEM/SEM).
• Airborne mass and fiber number concentration.
• Nonfibrous particle number and dimensions.
• Mass median aerodynamic diameter and geometric

standard deviation (GSD).
• Size distribution of length and diameter of the airborne

fibers, including the number of WHO fibers per unit
volume and the proportion of fibers >20 µm per unit
volume.

Characterization of Fibers Recovered From the Lungs
Where applicable, the assessment of fibers recovered from the

lungs should involve a lung digestion procedure (e.g., hypochlo-
rite), validated for the fiber in question, which does not attack
the fiber surface or change the dimensions, followed by quan-
tification of the following aspects of the lung burden:

• Content and characterization of fibers and particulates
per unit lung mass.

• Morphology of the recovered fibers (TEM/SEM, if nec-
essary).

• Fiber mass.
• WHO fiber number and number of fibers >20 µm long.
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• Fiber diameter and length (bivariate size distribution).
• Chemical composition of the bulk (ICP-MS).
• Chemical composition of outmost layers (SEM/

TEM + EDS).

6.4. Durability and Biopersistence
Durability or biopersistence of fiber samples has been es-

timated using composition data, in vitro methods, and in vivo
methods.

Durability Evaluated on the Basis of Composition
Models have been proposed that provide a correlation be-

tween fiber chemical composition and acellular in vitro solubil-
ity over well-defined ranges of chemical composition expressed
as oxide mass percent. For glass wool compositions the pre-
dictions are based on a linear fit of the log of the pH 7.4 in
vitro dissolution rate (Eastes et al., 2000c). For stone (rock)
wool compositions the predictions are based on a linear fit of
the log of the dissolution rate calculated from in vivo fiber
clearance data (Eastes et al., 2000a, 2000b). There are two
sets of equations for stone wools, one for the low-alumina and
one for the high-alumina compositions. Figure 5 is a graph
of measured in vitro dissolution rates plotted against dissolu-
tion rates calculated using these equations. It can be seen that
there is good correlation over a wide (>100-fold) range of
compositions.

In general, these models have not been considered robust
enough to be used for regulatory classification of fibers and are
used only as a first line of internal screening by the fiber industry
in developing new fiber compositions.

As discussed later in this article, in the European Commission
fiber legislation (Council of the European Union, 1997) fibers
are differentiated between initial classification into Category 2 or
Category 3 based on the sum of the weight of oxides of sodium,
potassium, calcium, magnesium, and barium (Sum > 18% =

FIG. 5. Calculated versus measured dissolution rates for syn-
thetic vitreous fibers (SVFs).

Category 3 and Sum < 18% = Category 2); however, chemical
composition alone was not considered sufficient for exoneration
of fibers from classification as a carcinogen.

Durability In Vitro
Cell-Free Systems. It is possible to estimate the ability of

fibers to persist in the lung by use of a milieu that mimics
some pertinent aspects of tissue fluid. In such an environment
fibers may be either completely dissolved or weakened by par-
tial leaching of components so that they break mechanically. To
determine durability in vitro, fibers are retained in an aqueous
solution that has an electrolyte balance and pH close to that of
physiological fluid since such factors can affect the rates of dis-
solution and leaching (Mattson, 1995). The pH in which fibers
exist in the lungs is likely to be either pH 7.4 in lung lining
fluid or as low as pH 4.5 in phagolysosomes. The solution, com-
monly a modification of Gamble’s fluid at pH 7.4 or 4.5, has the
electrolytic balance of tissue fluid although it does not contain
the hallmark macromolecules of biological systems. Over time
the fibers remain in a dynamic flow of this fluid or statically
in fixed volume (Touray & Ballif, 1994). A number of meth-
ods have been used to follow the dissolution of the fibers; those
developed through the early 1990s have been summarized in a
review article (de Meringo et al., 1994). In the most widely used
method, the dissolution fluid is regularly sampled and analyzed
for various elements by a sensitive technique such as inductively
coupled plasma–mass spectrometry (ICP-MS). From the initial
fiber diameter distribution of the sample, it is possible to ex-
press the dissolution rate (Kdis) of any element in terms of mass
lost per unit surface area per unit time—typically nanograms
per square centimeter per hour. Silicon is used often used as an
index element since the structural matrix of many natural and
man-made vitreous fibers is siliceous. Several interlaboratory
comparisons were conducted to develop and verify a standard
flow-through procedure based on solution analysis. These have
shown that the method is well suited for ranking different fibers
with respect to dissolution rate within one laboratory but that,
due to a relatively high interlaboratory variation, caution should
be exercised when comparing values obtained by different lab-
oratories (Zoitos et al., 1997; Guldberg et al., 2003; Guldberg
et al., 2003).

It is also possible to follow the dissolution rate by direct
measurement of mass loss. More recently, a technique has been
developed to follow fiber dissolution directly by means of fiber
diameter measurement (Potter, 2000). In this technique indi-
vidual fibers are exposed to a continual flow of the modified
Gamble’s solution in a cell that allows periodic optical mea-
surement of the diameters of the fibers while they remain im-
mersed in the fluid. This technique has the advantage of mea-
suring directly the parameter of interest, that is, fiber diameter,
in a way that is conceptually and experimentally simple. In ad-
dition, the dissolution rate calculation does not depend on fiber
composition, diameter distribution, or surface area. However,
this technique cannot be used for fibers in the submicroscopic
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range, for example, <0.25 µm. Several studies have shown a
good correlation between the results of in vitro, cell-free dis-
solution measurements and fiber durability in the lung (Maxim
et al., 1999; Searl et al., 1999; Oberdorster, 1996).

Cellular Systems. Fibers can be added to cells in culture
and then assessed for changes in their dimensions or elemental
composition over time (Jaurand, 1994). Since the exact cellu-
lar compartment in which fibers are retained during long-term
residence is unknown, this approach is difficult to validate but
macrophages seem a likely candidate and these cells have been
used in this type of assay (Luoto et al., 1994). The difficulty
with cellular systems is that they are usually static systems with
very small volumes of fluid in which the potential for dissolution
approaches zero, in contrast to the very high dissolution poten-
tial available in the in vivo lung. Thus, fibers in these systems
are primarily differentiated based on shape rather than also on
solubility.

The dissolution behaviors of various synthetic vitreous fibers
were studied in serially refreshed static cultures near pH 7
with and without rat alveolar macrophages (Luoto et al., 1994,
1995). Analysis of the solutions for Si, Fe, and Al showed sig-
nificant differences in dissolution attributable to the presence
of macrophages in the culture. The media with macrophages
typically had lower Si and higher Fe and Al concentrations
than did the cell-free media. This is consistent with the pres-
ence in vivo of an additional dissolution environment that
is acidic—presumably relating to the action of phagocytic
cells. Experiments similar to what was just described were
done but in a recirculating flow-through system (Luoto et al.,
1998). The results generally show a smaller difference between
dissolution with and without the presence of the phagocytic
cells.

Another major problem in the in vitro systems is that the
fibers are not in the lung making contact with cells and vari-
ous lung compartments where normal physiological processes
can affect the biopersistence of fibers. If fibers are deposited
in the lungs of rats, their biopersistence can be determined
by characterizing the lung fiber burden over time, and this
can be assumed to give a better indication of how the fibers
would persist in the lungs of exposed humans than the in vitro
method.

Recent in vitro cellular studies have been reported that are
designed to elucidate the mechanisms of biodegradability of
organic p-aramid fibrils. Using an in vitro acellular system,
Warheit et al. (2001b) reported that components of lung flu-
ids coat and catalyze the p-aramid, thereby predisposing the
respirable fibers to enzymatic cleavage. It was suggested that
this mechanism could play a significant role in facilitating the
shortening of inhaled p-aramid RFP that has been reported in
the lungs of exposed rats and hamsters. In addition, in vitro cel-
lular systems, involving alveolar macrophages and macrophage-
lung epithelial cell cocultures, have been utilized to demonstrate
biodegradability of p-aramid respirable fibers following phago-
cytosis of fibers by macrophages.

Biopersistence
Measurement of biopersistence of fibers in the lung is one of

the most important short-term assays for estimating the potential
hazard of fiber types (see section 5.5). Two different methods
of exposure have been used for biopersistence studies: inhala-
tion and intratracheal instillation (IT). Because of the limitations
of IT, as discussed later, inhalation is the preferred method of
exposure for biopersistence studies. Naturally, the inhalation ex-
posure more closely mimics normal human exposure, and there
is no bolus effect as seen with instillation. With either method
of administering the fiber sample, the approach for determining
biopersistence involves sequential sacrifices, lung digestion and
characterization of the lung fiber burden, and calculation of a
retention T1/2. By using sequential sacrifices, the change in the
structure, size distribution, and morphology of the lung fibers
over time can be followed to provide an indication of the bioper-
sistence (Muhle et al., 1994; Hesterberg et al., 1996; Bernstein
et al., 1997).

Biopersistence Following Inhalation Exposure. In develop-
ing the European Commission fiber legislation, the relationship
of the biopersistence following short term inhalation and in-
tratracheal instillation to the results of chronic inhalation and
intraperitoneal injection studies was investigated in detail using
the original data from these studies. The biopersistence of fibers
longer than 20 µm was found to be an excellent predictor both
of the collagen deposition in the bronchoalveolar junctions (an
early precursor of interstitial fibrosis) in the chronic inhalation
studies and of tumor response in the chronic intraperitoneal in-
jection studies (Bernstein et al., 2001a, 2001b). Based on this
analysis, the European Commission established its fiber direc-
tive (European Commission, 1997). In Note Q of the EC Direc-
tive 97/69/EEC, it is stated that the classification as a carcinogen
need not apply if it can be shown that the substance fulfills one
of the following conditions:

1. A short-term biopersistence test by inhalation has shown that
the fibers longer than 20 µm have a weighted half-time less
than 10 days.

2. A short-term biopersistence test by intratracheal instillation
has shown that the fibers longer than 20 µm have a weighted
half-time less than 40 days.

3. An appropriate intraperitoneal test has shown no evidence of
excess carcinogenicity.

4. Absence of relevant pathogenicity or neoplastic changes in a
suitable long-term inhalation test.

A 1-wk (6 h/day for 5 days) inhalation exposure followed
by 26-wk follow-up of lung burden fibers has been proposed
(European Commission, 1999a), but it is notable that for more
soluble fibers the trend for biopersistence is often evident at
13 wk, so a 3-mo study could be envisaged that would allow
determination of biopersistence.

However, it has also been reported that prolongation of the ex-
posure duration can lead to an increase in the observed retention
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half-time of fibers. For example, the half-time in rat lungs of
rock wool fiber MMVF34 fibers (length >20 µm) was 5 days
after a 5-day inhalation exposure, whereas the half-time for this
fiber type was 27 days after a 12-mo exposure period (Kamstrup
et al., 1998). Therefore, in making comparisons of biopersis-
tence studies, the same exposure times and mode of delivery
should be used.

Biopersistence Following Intratracheal Instillation Expo-
sure. This technique delivers the fibers as a bolus suspen-
sion into the lung via the trachea. Problems associated with this
method include that the fibers are necessarily delivered in sus-
pension form in saline or water and so some dissolution may have
already occurred. The delivery of the mass burden into the lung
as a suspension can also result in fiber clumping or bundles, with
some fibers orientating themselves in non-aerodynamic ways
across the airways. The resultant bridging of fibers across small
airspaces can block deposition deeper into the lung and lead to
granuloma formation and fibrosis that obstructs the bronchioles.
The bolus dose also means that the fibers are in an inflammatory
milieu immediately. However, fibers may be instilled at very
low dose or in divided doses, and this may mitigate the prob-
lem (Driscoll et al., 2000). From the data, a retention half-time
can be calculated that is longer for biopersistent fibers than for
nonbiopersistent fibers, and although there is disagreement on
the absolute retention half-time relationship between instillation
and inhalation (Muhle & Bellmann, 1995), they rank different
fiber samples in the same order. Thus, the method and duration
of exposure of animals can influence the retention half-time.

6.5. Short-Term Biological Tests
There is a paradox in trying to ascertain the activity of fiber

samples in very short-term assays of biological activity. There
are studies that demonstrate that long, nonbiopersistent fibers
that are not pathogenic in vivo are positive in tests of ability to
cause proinflammatory (Ye et al., 1999) and genotoxic (Hester-
berg et al., 1983) effects in short-term in vitro tests. This arises
because biopersistence of fibers is known to be central to their
overall pathogenicity yet very short-term assays cannot allow for
this important property; thus nonbiopersistent fibers are likely
to produce false positives. However, in view of the technical so-
phistication required and the expense of inhalation assays, these
very short-term assays continue to be used.

Donaldson and Brown (1993) and Warheit (1993) each have
proposed using bronchoalveolar lavage assessments and short-
term pulmonary bioassays to study the pulmonary cellular re-
sponses following exposures to fibrous or particulate materials.
It is generally regarded that using a short-term assay to assess
biomarkers of lung injury and inflammation can provide valu-
able information on the nature of fiber toxicity and the potential
for the development of pulmonary fibrosis.

Tests In Vitro
Dose. As mentioned earlier, while in vitro cellular tests can

provide specific information, as designed, due to their static

nature they cannot take into effect the important influence of
fiber dissolution/breakage on these events.

Fiber Reactivity (Acellular Assays). It has been suggested
that the ability of fiber samples to cause oxidative stress is
a factor in their proinflammatory and genotoxic effects and
that transition metals, especially iron, may play an impor-
tant role in causing these effects (reviewed by Hardy & Aust,
1995a; Kane et al., 1996; Kamp & Weitzman, 1999). Other sur-
face properties (see section 5.6) are also important and may
enhance or depress the pathogenic potential of a given fiber
type.

Bioavailable and bioactive transition metals. The ability
of asbestos fibers to activate a number of pathways signaling
for inflammation and other relevant pathways for proliferation
and related effects has been shown to depend on iron (Luster
& Simeonova, 1998; Kamp & Weitzman, 1999). Cell-free and
cellular tests (reported in section 5.6) have clearly shown that
neither all the iron contained in the fiber, nor what is at the
surface and may be mobilized (bioavailable), is active in this
respect (bioactive). Accordingly, one study of pathogenic and
nonpathogenic fibers showed no tendency for the pathogenic
fibers to release more bioavailable transition metals than the
nonpathogenic fibers in vitro (Fisher et al., 1998). Transition
metals can take part in the various mechanisms (see Box 1,
section 5.6) whereby the hydroxyl radical—which adversely af-
fects a number of biological molecules such as protein, lipids,
and DNA—is generated. Proof of a role for transition metals
in a given test is normally given by the diminution of the ef-
fect following addition of the transition metal chelator defer-
oxamine. Therefore, bioavailable transition metal release from
a fiber, associated with evidence of bioactivity, may be impor-
tant in determining toxicity of any sample (Lund & Aust, 1992).
In the future, fibers may be developed that contain a range of
metals that are reactive in biological systems, and these can be
detected by a number of sensitive methods including ICP-MS.
Reactive species other than transition metals, such as organics,
could be a component of future fibers, and these need to be
considered.

Free radical release. Several direct and indirect methods
for the detection of free radicals are available and have been
used with fibers (reviewed in Fubini, 1996).

Electron paramagnetic resonance (EPR) can be used by
means of the spin trapping technique to detect the nature and
amounts of free radical species generated by any fiber sample
in acellular tests (employed, by many authors since the pioneer-
ing study of Weitzman & Graceffa, 1984). Such technique also
allows analysis of the kinetics of release, providing information
on fiber types in which slow radical release may cause sustained
inflammation (Fenoglio et al., 2001). When applied in vivo for
asbestos, such technique showed that the greater the radical pro-
duction, the more likely the fiber sample is to cause oxidative
stress in the lungs (Ghio et al., 1998).

Another method is measurement of DNA damage. The abil-
ity of fibers to cause scission of plasmid DNA is a measure
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of hydroxyl radical activity that has been used to demonstrate
the ability of asbestos fibers to generate ROS (Gilmour et al.,
1997). This technique did not discriminate between a panel
of pathogenic and a panel of nonpathogenic fibers. However,
ceramic fibers were very active in this assay (Brown et al.,
1998b). The role of this type of assay in determining the
pathogenicity of organic fibers is unknown, since the mech-
anism of their pathogenicity (if any) is unknown. The gen-
eration of 8-OH DG, following the incubation of fibers with
naked DNA, has also been used as a test (Nejjari et al., 1993).
This showed that iron-containing fibers such as crocidolite and
amosite were the most reactive, whereas fibers without iron were
inactive.

Also available are other assays of the ability of fibers to
generate oxidative stress in cell-free systems. Various chemi-
cal/biochemical assays that detect the ability of fibers to gener-
ate free radicals are available. The salicylic acid assay (Maples
& Johnson, 1992) showed a relationship of free radical reaction
with the ability (or lack of ability) to cause mesotheliomas in
rats and humans for a panel of fibers that included erionite, cro-
cidolite, amosite, anthophyllite, chrysotile, JM code 100 glass
fibers, and glass wool.

Depletion of antioxidants. Depletion of the antioxidant de-
fenses may also contribute to the oxidative stress. This may be
caused by the inhibition of some cellular pathways (such as
the pentose phosphate pathway, via the inhibition of its rate-
limiting enzyme glucose-6-phosphate dehydrogenase (Riganti
et al., 2002), or by the simple consumption at the fiber surface
of endogenous antioxidants. Several fiber types, including as-
bestos, glass wools, and ceramic fibers, were tested for their
ability to deplete ascorbic acid and glutathione in lung lining
fluid as a measure of the potential to cause oxidative stress in
vivo (Brown et al., 2000); in this study the greatest depletion of
antioxidants was observed with the two noncarcinogenic glass
wools, suggesting that such reactivity cannot per se confirm
toxicity, but may augment the oxidative stress caused by other
factors.

Hydrophilicity/hydrophobicity. Fully hydrophobized ce-
ramic fibers (Tomatis et al., 2002b) or crystalline silica particles
(Fubini et al., 1999) lose much of their original cytotoxic and
transforming potential. Amphibole asbestos heated at 800◦C,
although still partially hydrophilic, lost its ability to generate
free radicals (Tomatis et al., 2002a) and damage DNA (Otero-
Arean et al., 2001). Hence hydrophobicity is a property that,
likely by regulating cellular uptake and clearance, modulates
fiber pathogenicity. Hydrophilicity may be measured in vari-
ous ways, with comminuted material such as fiber samples; the
most appropriate is water vapor adsorption—the higher the water
uptake, under defined conditions, the higher the degree of hy-
drophilicity (Fubini et al., 1999). With substantially hydrophilic
vitreous surfaces, such as glass, slag, and rock wools, water
uptake, mainly by cations, parallels solubility (Ottaviani et al.,
2000).

Cellular Tests
The dose used in these studies is usually very high compared

to in vivo dose, and the dosimetry issue should be fully con-
sidered in deciding the usefulness of any assay. Tests that more
closely mimic the conditions of the lung, such as cocultures
of epithelial cells and macrophages, may be useful (Warheit,
2001b).

Macrophages. Alveolar macrophages are the initial defense
mechanism against particles and fibers that deposit in the lower
respiratory tract. Phagocytic cells express several types of sur-
face receptors that recognize exogenous particulates and mi-
croorganisms, as well as endogenous ligands. Activation of
different classes of surface receptors triggers phagocytosis, the
respiratory burst mechanism, migration and chemotaxis, and
production of proinflammatory mediators and cytokines. In gen-
eral, there is a correlation between exposure to highly toxic
particulates and fibers (e.g., freshly fractured quartz, asbestos
fibers) and release of oxidants and cytokines from alveolar
macrophages (reviewed in Driscoll et al., 2002). Opsonization
or coating of exogenous particulates with activated comple-
ment fragments, immunoglobulins, or surfactant proteins (es-
pecially SP-A, which binds to the C1q collectin receptor) en-
hances phagocytosis and respiratory burst activity (Donaldson
et al., 1992; Palecanda & Kobzik, 2000). Crystalline silica par-
ticles and crocidolite asbestos fibers are also bound by opsonin-
independent receptors, especially the class A macrophage scav-
enger receptor (SR-A; Palecanda et al., 1999). It has been pos-
tulated that binding of inert dusts such as titanium dioxide by
these scavenger receptors does not trigger macrophage activa-
tion and release of oxidants and pro-inflammatory mediators,
in contrast to binding of toxic particulates such as crystalline
silica or asbestos fibers (Palecanda et al., 1999). The biochem-
ical mechanisms and signal transduction pathways responsible
for the different responses of alveolar macrophages to different
types of inhaled particulates are unknown.

Macrophage death. The ability of fibers to cause
macrophage toxicity has been determined by various assays
such as trypan blue exclusion and lactate dehydrogenase (LDH)
release. Dosimetric considerations suggest that only very low
numbers of fibers would normally deposit and make contact
with cells in workplace exposure situations, so toxicity tests are
often carried out in vitro in order to select nontoxic doses for
studies at doses that show stimulatory effects that are more likely
to occur in vivo. Assessment of macrophage death as an endpoint
is generally useful only to select nontoxic doses for macrophage
stimulation experiments.

Macrophage stimulation. Fibers can be investigated for
their ability to stimulate macrophages in various ways that lead
to inflammation or bystander injury to epithelial cells:

Oxidative burst: Macrophage-derived oxidants arise from super-
oxide anion, the product of NADPH-oxidase following the
initiation of phagocytosis. There have been many studies on
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the ability of fibers to stimulate the macrophage oxidative
burst (Hansen & Mossman, 1987; Schuele & Holian, 1989;
Hill et al., 1995), but there appears to be little specific effect
of pathogenic fiber samples without opsonin such as IgG.

Inflammatory mediators: Fibers have been shown to stim-
ulate release of various inflammatory mediators from
macrophages, including eicosanoids, cytokines, and
chemokines (Leikauf et al., 1995). Oxidative stress is pro-
posed as a central mechanism resulting in release of the
mediators. Oxidative stress-activated genes are controlled
by the transcription factor nuclear factor (NF)-κB. Under
the action of oxidative stress, NF-κB separates from its in-
hibitor and migrates to the nucleus, where it can bind to the
κB consensus sequence in the promoter region of many pro-
inflammatory genes such as TNFα, ICAM-1, and COX2,
causing them to be expressed. Studies on the ability of fibers
to activate NF-κB have been described for a number of fibers
(Schins & Donaldson, 2000) using the electrophoretic gel
mobility shift assay (EMSA) (Cheng et al., 1999) or im-
munocytochemistry to demonstrate the nuclear localization
of component of NF-κB (Brown et al., 1999). In addition
to measuring the signaling pathways for the expression of
pro-inflammatory proteins, the proteins themselves should
be measured (e.g., IL-8, TNFα, IL-1b, etc.) (Fisher et al.,
2000; Luster & Simeonova, 1998; Simeonova et al., 1997).
Constitutive NF-κB activation has also been proposed to
play a role in carcinogenesis (Karin et al., 2002).

Pentose phosphate pathway: There has been a recent report that
crocidolite asbestos, but not glass wool (MMVF10), inhibits
the pentose phosphate pathway (PPP) in epithelial cells. The
PPP generates NADPH, so inhibition of the pathway results
in NADPH “debt.” NADPH is not, therefore, available to
act as a cofactor for various antioxidants, so antioxidant de-
fense is impaired, leading to oxidative stress (Riganti et al.,
2002).

Genotoxicity Tests
Epithelial Cells Epithelial cells are involved in proinflam-

matory effects and are also the cell of origin for bronchogenic
carcinoma, so can form the basis of testing for both of these
endpoints.

Genotoxic Effects. The ability of fibers to cause genotoxic
effects in vitro has been demonstrated. Promoting effects of
fibers include the ability to stimulate proliferation, so effects
on genes associated with the regulation of the cell cycle, such
as c-fos and c-jun, are of interest, as well as direct measurement
of effects on cell proliferation. There are numerous genotoxic
endpoints that can be utilized-including:

• Micronucleus formation (Kodama et al., 1993).
• Sister chromatid exchanges (Kodama et al., 1993).
• DNA damage (Comet assay) (Puhakka et al., 2002).
• Deletions (Hei et al., 2000).
• 8-OH-dG (Leanderson et al., 1988).

Mesothelial Cells, Epithelial Cells, and Fibroblasts
Since mesothelial cells are the cells that undergo transfor-

mation to produce mesotheliomas, there has been considerable
interest in the direct effects of fibers on these cells. It should be
borne in mind that the short-term assay paradox is especially
relevant for this cell type because there is a requirement for
translocation of fiber from the site of deposition on the epithe-
lial surface to the sensitive mesothelial tissue. This translocation
is likely to require time, so there is even more opportunity for
the influence of the lung milieu to act on nonbiopersistent long
fibers to render them shorter.

A range of cellular endpoints have been measured, including
the obvious ones associated with signaling for proliferation and
oncogene activation (Heintz et al., 1993). Genotoxic endpoints
are also highly relevant for these target cells and include all of
those listed above (Fung et al., 1997).

Subchronic Biological Tests In Vivo
Subchronic inhalation studies (90 days in rats) are consid-

ered short-term assays here, and are a useful bridge between
5-day and chronic exposure studies. While the carcinogenic end-
point would not be expected in such a subchronic assay, there
are a number of endpoints that can be used to position fibers
as to their likelihood of causing fibrosis and/or cancer. Many
changes are considered to be precancerous, including chronic
inflammation, hyperplasia, metaplasia, and mutation. Fibrosis
as a result of the inhalation of carcinogenic fibers can be de-
tected within 3 mo so could be detected in a short-term as-
say. All fibers that have caused cancer in animals via inhalation
have also caused fibrosis, and at an earlier timepoint, that is,
by 3 mo. However, there have been fibers that have caused fi-
brosis but not cancer. Therefore, in vivo studies that involve
short-term exposure of rat lungs to fibers and subsequent as-
sessment of relevant endpoints, notably fibrosis, are probably
adequately conservative for predicting long-term pathology—
that is, will identify fibers that have a fibrogenic or carcinogenic
potential.

Two studies with organic fibers suggest that subchronic pul-
monary endpoints are operative following exposures to organic
fiber types (Hesterberg et al., 1992; Bellmann et al., 2000). We
may also anticipate that immunological phenomena that might
result from exposure to organic fibers would be manifest in this
time frame, although currently there are no data on this.

Three months is long enough for there to be clear effects
of biopersistence (Bernstein et al., 1996) on the long fibers, so
this should be reflected in the biological response. These studies
could be done in concert with the biopersistence studies, and
indeed a rational approach has been suggested where there is
exposure of rats to fibers, with one subgroup of rats set aside for
assessment of biopersistence and another group for biological
effects. This would allow biological effects to be understood in
the context of the dosimetry. However, it should be noted that
the retention half-time of fibers depends on the retained dose
(Muhle et al., 1995, Kamstrup et al., 1998).
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Some of the parameters that should be measured in a 3-
mo fiber inhalation study to provide the basis for selecting ex-
posure levels for a chronic study are noted in the U.S. EPA
Guideline for Combined Chronic Toxicity/Carcinogenicity Test-
ing of Respirable Fibrous Particles (U.S. EPA, 2001). Param-
eters to be evaluated include lung weight, fiber lung burden
and clearance, cell proliferation, inflammatory response mark-
ers, and histopathology. The European Commission guideline
for subchronic inhalation toxicity testing of synthetic mineral
fibers in rats (European Commission, 1999b) specifies similar
parameters.

Exposure concentrations in a subchronic fiber inhalation
study should be selected to ensure that the biological effects
of a pathogenic fiber would be detectable at least at the high-
est exposure level. The U.S. EPA Guideline indicates that the
highest concentration tested in the chronic study should be set
at a level at which some degree of impaired clearance and toxi-
city are observed. Thus, a similar requirement is implied for the
subchronic study that provides the data on which chronic dose
selection is based. The EC guideline for subchronic inhalation
toxicity testing of fibers (European Commission, 1999b) spec-
ifies 3 exposure concentrations, the highest of which should be
150 fibers/cm3 with length greater than 20 µm, if technically
feasible.

The European Commission recently completed a “calibra-
tion” assay (Bellmann et al., 2003) in which a 3-mo inhala-
tion study investigated the biological effects of a special-
purpose glass microfiber (E-glass microfiber), the stone wool
fiber MMVF21, and a new high-temperature application fiber
(calcium-magnesium-silicate fiber, CMS) in Wistar rats. Rats
were exposed 6 h/day, 5 days/wk, for 3 mo to fiber aerosol con-
centrations of approximately 15, 50, and 150 fibers/ml (fiber
length >20 µm) for E-glass microfiber and MMVF21.

The biological effects measured included inflammatory and
proliferative potential, histopathologic lesions, and the persis-
tence of these effects over a recovery period of 3 mo. Generally,
observed effects were higher for E-glass microfiber when com-
pared to MMVF21. The following clear dose-dependent effects
on E-glass microfiber and MMVF21 exposure were observed as
main findings of the study: increases in lung weights, in mea-
sured biochemical parameters and polymorphonuclear leuko-
cytes (PMN) in the bronchoalveolar lavage fluid (BALF), in
cell proliferation (BrdU response) of terminal bronchiolar ep-
ithelium, and in interstitial fibrosis. The values observed in the
proliferation assay on the carcinogenic E-glass microfiber indi-
cate that this assay may have an important predictive value with
regard to potential carcinogenicity. Results of the CMS exposure
group indicate that effects may be dominated by the presence of
nonfibrous particles.

Unfortunately, due to the large and varying number of parti-
cles and short fibers in the different fiber groups, alterations in
these parameters could not be correlated specifically with fiber
concentration, either of long fibers or WHO fibers. The authors
concluded that if this protocol is to be used to differentiate fiber

types, the number and bivariate length–diameter size distribu-
tion of the fibers and especially the content of particles should
be similar for each fiber type.

The preferred route of exposure for the 3-mo study is by
inhalation, but for a batch of experimental fibers that cannot be
obtained in sufficient numbers to generate a cloud, intratracheal
instillation may suffice if the fiber number is kept low (Driscoll
et al., 2000). However, there is no database for the relationship
of pulmonary fibrosis to long term effects with intratracheal
instillation.

Dosimetry and Clearance
Characterization of lung fiber burden is a key aspect of fiber

dosimetry. The lung fiber burden can be examined in a variety
of ways; the ideal method will be dictated by the type of fiber
being studied. Whatever method is chosen, it must be able to
evaluate (“capture”) all of the fibers and nonfibrous particulates
that are retained in the lung without altering their composition or
morphology. This may require the use of electron microscopy if
the fibers are submicroscopic in size. It is particularly important
to record the number of fibers by bivariate size distribution and
number per milligram dry weight, or per gram wet weight, and
per lung. These data are particularly important for evaluating the
lungs at the end of the exposure period and during the “recovery”
period.

Fiber Burden in the Pleura. A few studies have been done to
evaluate the number of fibers in the pleura of rats (Gelzleichter
et al., 1999) and hamsters (McConnell et al., 1999). The di-
aphragm can be collected and digested to determine if fibers
have penetrated the pleura of the lung. The number of fibers
can be measured for size and counted as the number per square
millimeter of surface area. While the database is now limited,
a robust one could be established over time. The main value at
this time would be a yes/no answer—that is, are there fibers in
the diaphragm, and what are their dimensions?

Fibers have been recovered from the pleural cavities of rats
(Gelzleichter et al., 1996) and humans (Boutin et al., 1996).
Although rat alveolar macrophages are phenotypically differ-
ent from rat pleural or peritoneal macrophages (Gjomarkaj
et al., 1999), it is not known whether pleural macrophages
show the same responses to these translocated fibers as alve-
olar macrophages. Release of proinflammatory mediators from
alveolar or pleural macrophages results in accumulation of neu-
trophils and newly recruited monocytes from the peripheral
blood, which can further amplify the inflammatory reaction and
produce tissue injury. It is proposed that long, biopersistent fibers
that are not easily cleared from the lower respiratory tract have a
greater potential to perpetuate these inflammatory reactions and
cause tissue injury (Hesterberg et al., 1994). This is the biologic
rationale for proposing persistent inflammation as an endpoint
for potentially toxic fibers in short-term in vivo assays.

Impairment of Clearance. In addition to the normal char-
acterization of the lung fiber burden, it has been suggested that
conditions of particle/fiber overload and impaired clearance in
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the lung can be detected by analysis of the fiber burden in the
lung-associated lymph nodes (Bellmann et al., 2002). Impair-
ment of clearance also could be assessed via challenge with
a tagged particle (Vu et al., 1996). The clearance of the la-
beled particles should be measured over a period of a few
months. By this method, in addition to retention measurements
of fibers, it is possible to distinguish between fiber clearance and
macrophage-mediated clearance. The latter is important in de-
termining whether a dust overload condition may have occurred,
whereas fiber clearance may be due to dissolution or breaking
of fibers.

Lung Weight
Lung weight is an indirect and nonspecific measure of pul-

monary response. Lung weight is easy to determine and can be
a useful endpoint. However, increases in lung weight following
pulmonary exposures may be due to various factors, including
edema, particle overload, pulmonary fibrosis, and other factors.
Moreover, with regard to fiber-related adverse pulmonary ef-
fects, significant increases in the weight of the lung of rodents
may not become apparent until the pulmonary fibrosis is of some
magnitude (usually 3+ mo). Therefore, this parameter may be
of little value in assessing lung effects when using a short-term
assay.

Inflammation
Inflammation is a common feature of fiber exposure and

can be evaluated qualitatively or semiquantitatively (i.e., min-
imal, mild, moderate, marked), using standard histopathologic
techniques.

Bronchoalveolar Lavage. Inflammation can be evaluated
more quantitatively using bronchoalveolar lavage (Creutzenberg
et al., 1998). One of the problems in using this endpoint for
hazard evaluation is that fibers vary in their ability to stimulate
an inflammatory reaction as defined by an increase in neutrophils
and lymphocytes. While these types of cells are commonly found
with crystalline materials, including fibers, they are not readily
stimulated with amorphous fibers.

Pleural Lavage. Changes in lavageable inflammatory cells
of the pleural cavity after asbestos exposure in rats have been
reported (Oberdörster et al., 1983). In particular, an influx of
peroxidase-positive macrophages 1 to 3 days postexposure was
found, indicating newly arrived macrophages. This could pos-
sibly be induced by fibers translocating to the pleural space
(Gelzleichter et al., 1999). Since pleural lavage can easily be
performed, results of this method can be a valuable addition to
lung lavage analysis.

Cell Proliferation
The investigation of epithelial cell proliferation in the ter-

minal bronchioles and in the lung parenchyma after subchronic
fiber inhalation has proven to be a useful assay to predict poten-
tial carcinogenicity (Bellmann et al., 2003). Proliferating cells

are labeled, for example, by 5-bromo-2′-deoxyuridine (BrdU),
which has to be administered a few days prior to sacrifice by
a minipump. Cells are stained immunohistochemically using a
specific antibody to the BrdU, which is incorporated into repli-
cated DNA. The evaluation of the slides is done by analyzing an
appropriate number of airway cells and of the proximal region
of the pulmonary parenchyma. This assay was used also in a
subchronic study after inhalation of p-aramid respirable fiber-
shaped particulates (Bellmann et al., 2000), where resolution
of the inflammatory response was correlated with a decline in
proliferation (using BrdU pulse).

Rats exposed to long amphibole asbestos fibers may be used
as positive controls to validate the method. In the study of
Bellmann et al. (2003) using BrdU delivered by implanted mini-
pump after subchronic exposure to the carcinogenic E-glass mi-
crofiber, the observed values of the proliferation assay up to
90 days after the end of exposure indicated a predictive value
for a potential carcinogenicity. The values for the rock wool
fiber MMVF21 were statistically increased only at 1 wk after
the end of the subchronic exposure and not at 7 and 14 wk after
the end of exposure. For future studies, the authors recommend
conducting this assay up to 6 mo after termination of subchronic
exposure. At this time point, a differentiation between transient
and persistent proliferation may be distinguished more easily.

AP-1. The activator protein-1 (AP-1) transcription factor
complex is an early-response gene that is induced in the lung
by a variety of environmental and occupational toxicants, in-
cluding cigarette smoke, asbestos fibers, crystalline silica, ultra-
fine particulates, and oxidants. These toxicants activate mitogen-
activated protein kinase (MAPK) signal transduction pathways
in lung target cell populations, leading to activation of the AP-1
transcription factor complex. AP-1 target genes mediate cellu-
lar adaptive responses to these toxicants, including induction of
antioxidant defenses, surfactant proteins, markers of squamous
differentiation, cell cycle regulators, growth factors and growth
factor receptors, and extracellular matrix degrading enzymes
(reviewed in Reddy & Mossman, 2002).

Upregulation of fos and jun and increased AP-1 DNA binding
activity in response to asbestos fibers have been shown in lung
epithelial and mesothelial cells in vitro and in vivo. Although the
effects of fiber biopersistence have not been evaluated in these
short-term assays, low-toxicity particles such as glass beads or
titanium dioxide do not induce fos and jun in these assays (re-
viewed in Manning et al., 2002). A transgenic mouse model
expressing a luciferase reporter gene responsive to transactiva-
tion by AP-1 has been used to confirm AP-1 activation in vivo
in response to intratracheal instillation of asbestos fibers (Ding
et al., 1999a) or freshly fractured crystalline silica (Ding et al.,
1999b). Conceivably, this sensitive in vivo transgenic mouse
assay could be used to determine whether persistent AP-1 ac-
tivation is associated with biopersistent fibers in a subchronic
study.

One member of the AP-1 transcription factor complex, fra-1,
has been closely linked to lung cancer and mesotheliomas
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in some rodent models and in humans (reviewed in Reddy
& Mossman, 2002). Increased expression of fra-1 has been
shown in rat mesothelioma cells (Ramos-Nino et al., 2002) and
in asbestos-induced peritoneal mesotheliomas in rats (Sandhu
et al., 2000). Transgenic mice that overexpress fra-1 may be
useful to screen for potentially-carcinogenic man-made fibers.

Alternative methods of detecting proliferative events in
treated cells and animals include measurement of activation of
proinflammatory transcription factors and signaling pathways
using immunocytochemistry (Hubbard et al., 2002). Prolifera-
tion in the pleura can also be detected using BrdU (Robledo
et al., 2000).

Fibrosis
Although the causal association between asbestosis and lung

cancer in humans is controversial (reviewed in Samet, 2000, and
Nelson & Kelsey, 2002), in experimental animals lung cancer
produced by inhalation of particulates or fibers is preceded by
chronic or persistent inflammation and fibrosis. In 1990, Davis
and Cowie reviewed the histopathologic association between
pulmonary fibrosis and the incidence of benign and malignant
lung tumors in a total of 144 rats from 10 inhalation studies
with chrysotile or amosite asbestos. There was a statistically
significant association between the extent of pulmonary fibro-
sis and lung tumors in these inhalation studies. Benign tumors
or early malignant tumors that showed limited invasion were
found originating from areas of interstitial fibrosis and hyper-
plasia or adenomatosis. These authors noted that this association
is usually missed in chronic inhalation studies or in humans di-
agnosed with lung cancer because these tumors usually involve
a large area of the lung and the site of origin cannot be readily
identified (Davis & Cowie, 1990). Persistent inflammation and
fibrosis are proposed as biomarkers for potentially carcinogenic
fibers in short-term screening assays. The association of fibrosis
with lung cancer is recognized to the point that fibrosis has been
proposed as a surrogate for predicting the carcinogenic activity
of fibers in animals (Greim, 2001).

Histological assessment of fibrosis using trichrome staining
and the Wagner scale (McConnell et al., 1999) has been con-
ducted on several studies. Typically, fibrosis is evaluated on a
+1 to +4 basis. As an endpoint in a short-term study, it would be
adequate to establish if fibrosis was or was not present, although
the severity should also be recorded.

The process of fibrosis is also marked by increases in the local
production of growth factor cytokines such as TGFβ and PDGF,
and these have been detected early on in asbestos-exposed lung
using immunocytochemistry (Liu et al., 1997).

Genotoxicity
Data showing effects on genes and DNA is powerful infor-

mation regarding the potential of fibers to cause cancer. For ex-
ample, genotoxicity can be detected in vivo as the hydroxylation
adduct of guanosine, 8-hydroxy-deoxyguanosine (8-OH-DG)
(Nehls et al., 1997). 8-OH-dG has been demonstrated by im-

munocytochemistry in lungs of rats exposed to quartz, a known
carcinogen. The HPRT mutagenesis detection system has also
been utilized to investigate particle-induced carcinogenesis, and
mutations in this gene have been shown in quartz-exposed lung
epithelial cells (Driscoll et al., 1997).

Immune Reactions and Lung Injury and Fibrosis
Altered immune responses are a potential mechanism for lung

injury and should be considered in the evaluation of inorganic
and organic fibers. The phenotype of alveolar macrophages may
be altered by exposure to toxic particulates or fibers. Three
distinct macrophage subpopulations have been defined by the
following criteria: specific signals that induce activation, produc-
tion of cytokines and chemokines, expression of surface mark-
ers, and production of reactive oxygen and nitrogen metabolites
(reviewed by Mosser, 2003). Classical activated macrophages
are involved in cell-mediated (Th1) immune responses in re-
sponse to INF-γ and TNF-α. These activated macrophages ex-
press major histocompatibility class (MHC) II molecules and
release TNF-α, IL-12, IP-10, MIP-1α, and MCP-1. Their phago-
cytic ability is reduced with downregulation of the surface man-
nose receptor; however, microbicidal activity is enhanced due to
increased production of reactive oxygen and nitrogen metabo-
lites. Alternative activated macrophages are immunosuppres-
sive and are produced in response to IL-4 or glucocorticoids.
These macrophages release IL-1 receptor antagonist and IL-10
with upregulation of surface mannose and scavenger receptors.
These cells do not produce reactive oxygen or nitrogen metabo-
lites and suppress production of activated T lymphocytes. It has
been hypothesized that this macrophage subpopulation prevents
excessive inflammatory responses to environmental agents. Fi-
nally, type II activated macrophages participate in Th2 humoral
immune responses triggered by antibody complexes or liga-
tion of toll-like receptors, CD40, or CD44. Type II activated
macrophages express MHC class II molecules and release inter-
leukin (IL)-10 and IL-13 in addition to TNF-α and IL-6 (Mosser,
2003). Several lung diseases are associated with type II acti-
vated macrophages and a local Th2 immune response, including
a murine model of chronic silicosis (Huaux et al., 1999), idio-
pathic pulmonary fibrosis in humans (Hancock et al., 1998), and
animal models of radiation and bleomycin-induced fibrosis (re-
viewed in Sime and O’Reilly, 2001). It has been proposed that
toxic particulates induce apoptosis of immunosuppressive alve-
olar macrophages, thereby increasing the population of inducer
or activated alveolar macrophages, which drives a persistent in-
flammatory response in the lungs (Holian et al., 1997).

IL-13 is a key cytokine involved in lung inflammation, alve-
olar “signaling,” and fibrosis (Lee et al., 2001; Lanone et al.,
2002). In an inducible transgenic mouse model, overexpression
of IL-13 in the lung activated multiple chemokine pathways,
leading to pulmonary inflammation (Zhu et al., 2002), induction
of matrix metalloproteinases 9 and 12 (Lanone et al., 2002), and
increased production and activation of TGF-β1 and increased
expression of the hyaluronic acid receptor CD44 (Lee et al.,
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2001). Persistent inflammation and upregulation of TGF-β1 are
associated with asbestos-induced lung injury and fibrosis, in
addition to other fibrotic lung disorders (reviewed in Sime &
O’Reilly, 2001). It has not yet been determined whether expo-
sure to asbestos or synthetic fibers may alter immune regulation
in lung via the release of critical cytokines such as IL-13.

An important caveat in interpretation of these rodent models
of lung injury and fibrosis must be noted. The balance between
Th1 and Th2 immune responses in the lungs depends on the
mouse strain and the chronicity of the disease process (Abbas
et al., 1996; Huaux et al., 1999). In rodent models of silicosis,
rats show a different pattern of inflammatory and immunologic
responses than mice (Garn et al., 1997). Silicotic patients fre-
quently show evidence of increased systemic humoral immunity
(reviewed in Parks et al., 1999), similar to a murine model of
chronic silicosis (Huaux et al., 1999). Since genetic differences
in mouse strains influence Th1 and Th2 polarization of immune
responses, genetic polymorphisms in humans may contribute to
differences in susceptibility to the toxic and immunologic effects
of crystalline silica (Yucesoy et al., 2002), as well as natural and
synthetic fibers.

Chronic inflammatory conditions including silicosis and per-
sistent viral infections are associated with an imbalance be-
tween Th1 and Th2 helper lymphocytes (CD4+ T cells). It has
been proposed that a decreased cell-mediated immune response,
characterized by Th1 lymphocytes, and an increased humoral
immune response, characterized by Th2 lymphocytes, predis-
pose to the development of cancer. Asbestos exposure stimulates
production of several cyokines (IL-1β, TNFα, IL-6, IL-8) that
may be involved in this phenotypic switch. Chronic inflamma-
tion associated with persistent asbestos fibers also upregulates
COX-2, leading to increased prostaglandin (PG) E2 synthesis,
which stimulates production of angiogenic factors and activates
matrix metalloproteinases (O’Byrne et al., 2000). Phenotypic
switching in alveolar macrophage subpopulations or in CD4+
T helper lymphocytes may provide useful endpoints for screen-
ing potentially carcinogenic organic fibers. Angiogenesis and
increased connective tissue turnover may provide a signaling
local environment for cancer progression. This association pro-
vides a plausible mechanistic link between fibrosis and lung
cancer (Samet, 2000).

Special Models
The majority of subchronic and chronic inhalation assays to

evaluate the carcinogencity of natural and synthetic fibers have
been carried out in rats. Both lung carcinomas and mesothe-
liomas have been produced in these assays; however, no analy-
ses of molecular alterations in oncogenes or tumor suppressor
genes have been done on these experimental tumors. Malignant
mesotheliomas have been induced in rodents by direct intraperi-
toneal injection of asbestos fibers. Rat peritoneal mesotheliomas
induced in this model system do not show mutations or deletions
in the p53 tumor suppressor gene, similar to human pleural ma-
lignant mesotheliomas. These rat tumors also fail to show any

alterations at the NF2 tumor suppressor gene locus, which is
frequently mutated or shows loss of heterozygosity (LOH) in
human pleural malignant mesotheliomas. In contrast, murine
peritoneal mesotheliomas induced by direct injection of asbestos
fibers show frequent deletion of the p15INK4b and p16INK4a tumor
suppressor genes (reviewed in Kane, 2000).

Murine lung tumors induced by chemicals such as urethane,
aflatoxin, nitrosamines, or polycyclic aromatic hydrocarbons in
susceptible strains resemble human adenocarcinomas or bron-
chiolalveolar carcinomas. The spectrum of mutations observed
in these chemically induced tumors is similar to human lung
carcinomas, including activating point mutations in the K-ras
oncogene, deletion or altered methylation of the p16INK4a tumor
suppressor gene, and deletions at the FHTT tumor suppressor
gene locus (Tuveson & Jacks, 1999), in addition to increased
global LOH, reflecting chromosomal instability (Herzog et al.,
2002). Transgenic mouse models have been generated that show
an increased incidence of spontaneous lung tumors with a re-
duced latency. These transgenic mouse models include targeted
expression of SV40 T antigen, activated H-ras oncogene, mu-
tant p53 tumor suppressor gene (Tuveson & Jacks, 1999), and
deleted p16INK4a tumor suppressor gene (Sharpless et al., 2001).
The reduced latency for lung tumor development in genetically
susceptible (Malkinson, 2001) and genetically engineered mice
(Tuveson & Jacks, 1999) raises the possibility that these mouse
strains would be useful for short-term in vivo screening assays
for potentially carcinogenic fibers.

A limited number of transgenic mouse models have recently
been evaluated as alternative models for carcinogenicity test-
ing (reviewed in Cohen et al., 2001; Pritchard et al., 2003). Of
these transgenic models, the heterozygous p53+/− mouse and
the transgenic rasH2 mouse may be useful for assessing the car-
cinogenicity of fibers. Disruption of the p53 gene interferes with
cell cycle checkpoints, DNA repair, and apoptosis induced by
genotoxic agents. The p53+/− heterozygous knockout mouse
shows tissue and carcinogen specificity for tumor induction,
with a latency of 26 wk in response to chemical carcinogens.
LOH is frequently observed at the disrupted p53 gene locus on
chromosome 11, in addition to other mutations in oncogenes
and tumor suppressor genes (reviewed in French et al., 2001).
The p53+/− heterozygous mouse shows increased sensitivity
and accelerated progression of mesotheliomas induced by direct
intraperitoneal injection of asbestos fibers (Vaslet et al., 2002).
Ras is a key GTP-binding protein in the MAPK signaling path-
way; ras is activated by binding of growth factors to tyrosine
kinase receptors, leading to cell proliferation. Activating point
mutations in the ras oncogene cause constitutive activation of
the MAPK pathway. The rasH2 transgenic mouse shows ele-
vated, constitutive expression of ras in all tissues and an elevated
tumor incidence in response to genotoxic and nongenotoxic car-
cinogens. The human H-ras transgene frequently develops point
mutations in chemically induced tumors. The rasH2 transgenic
mouse is highly susceptible to lung tumors induced by urethane
(Mori et al., 2000). Although neither of these transgenic mice
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has yet been exposed to pulmonary carcinogens by intratracheal
instillation or inhalation, short-term screening assays may be
feasible in these genetically-engineered strains. Molecular as-
says for LOH at the p53 tumor suppressor gene locus or genetic
alterations in additional oncogenes or tumor suppressor genes
may be used as sensitive surrogate markers for carcinogenicity
after short-term exposure to synthetic fibers. These molecular
markers could be readily assessed over the same time frame as
fiber biopersistence, provided that these assays are first validated
with appropriate positive and negative controls (e.g., crocidolite
asbestos and wollastonite fibers).

7. TESTING STRATEGY
Having described the wide range of short-term testing meth-

ods that have been applied to fibers, we now suggest a straight-
forward strategy for integration of recommended methods in
a regulatory hazard evaluation and prioritization scheme for
fibers. The testing strategy proposed here reflects the state of
the science outlined in the earlier portions of the document. The
concepts described are based primarily on the availability of a ro-
bust database associated with experimental pulmonary toxicity

FIG. 6. Tiered testing system for silica-based synthetic vitreous fibers (SVFs).

studies in rats conducted with asbestos fibers and silica-based
synthetic vitreous fibers (also known as SVFs; see Figure 1).
Through the knowledge gained from studies on these two classes
of fibers, some fundamental “testing concepts” have been de-
veloped that are likely to be applicable to other fiber-types. In
this regard, the available experimental database of fiber toxicity
studies strongly suggests that two parameters are particularly
important, namely, biopersistence of inhaled fibers in the lung,
and the extent and persistence of pulmonary inflammation. Ad-
ditional factors that play an important role in the development
of fiber-related lung disease include proliferation of bronchiolar
epithelial cells and interstitial fibrosis. Thus, testing for these
parameters should be an integral component of any short-term
assay hazard evaluation strategy. Moreover, the specific strategy
that will be required for a given fiber type will be dictated by
what is known about that fiber type and, in addition, will be
influenced by information on similar fiber types.

Two schematic representations of the basic testing strate-
gies that are required to assess the potential toxicity of a given
SVF (Figure 6) or “other” (non-SVF) fiber types (Figure 7) are
presented in Figures 6 and 7. The preferred species is the rat.
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FIG. 7. Tiered testing system for other (non-SVF) fibers.

For all fiber types, the first step of the evaluation process is
the preparation and characterization (physical and chemical) of
the test fibers. The test fibers should be well-characterized, rat-
respirable fibers of appropriate dimensions (e.g., a significant
amount >20 µm in length for SVFs), but with relevance to the
airborne fibers to which humans are exposed. Subsequently, an
in vitro durability test and other in vitro cell-free and cellular as-
sessments are optional, although they may be useful for predict-
ing the toxic potential of a given fiber type. However, it should be
noted that, with the exception of the in vitro durability tests for
SVFs, most of these in vitro tests do not have standardized pro-
tocols or outcomes and have not been validated, or necessarily

correlated with in vivo-based results. Still, such tests may assist
in prioritizing fibers for further testing, particularly if a battery
of tests is performed on a large number of newly developed fiber
types.

A short-term in vivo biopersistence test is also optional, and
can be obviated by consolidating the in vivo biopersistence as-
sessment with a subchronic inhalation toxicity study (1–3 mo
exposure duration, with a postexposure recovery evaluation) that
focuses on pulmonary biological endpoints and effects. These
two tests form the fundamental components and decision tree
of the proposed testing strategy. If the fiber type has a short
clearance half-time in the lung and demonstrates no significant
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biological activity, then the results would suggest that this fiber
type is unlikely to present a significant health hazard. Alterna-
tively, if the results of the study indicate that the fiber type is biop-
ersistent in the lung or presents significant sustained biological
activity, such as inflammation, cell proliferation, or pulmonary
fibrosis, then there is a cause for concern, and implementation of
a chronic inhalation test is likely to be necessary for regulatory
evaluation.

For the non-SVF, “other” fiber-types, a suggested schematic
is presented in Figure 7. The testing strategy herein is essentially
the same as described for SVF fiber-types (Figure 6), with the
exception that the optional studies [i.e., (1) durability in vitro;
(2) short-term in vivo biopersistence test; (3) quantitation of
bioavailable toxic components; (4) in vitro free radical genera-
tion and surface reactivity; and (5) in vitro cellular assays] may
take on added importance in providing insights into the biolog-
ical activity of the fiber type in vivo. Nonetheless, as with the
testing strategy for SVF fiber types, the subchronic inhalation
study, investigating both biopersistence and biological activity
of the fiber type in the lung, represents the major criterion for
hazard evaluation. Similar to the strategy proposed for the SVF
fiber type, the results of the subchronic inhalation study will
determine whether additional long-term testing is required.

Given the strategies just outlined, in the following sections
we highlight the major parameters that can be assessed in the
short-term assays. Parameters are grouped as (1) physicochemi-
cal characterization, (2) in vitro toxicity tests, and (3) short-term
in vivo animal studies. Those that are considered essential for
hazard assessment are identified as “key parameters.” Other pa-
rameters that may be useful in studying mechanisms of toxicity
or in new product development as screening tools for some types
of fibers are also noted. These parameters are considered op-
tional in the testing strategies for hazard assessment (Figures 6
and 7). Comments on the utility and applicability of the various
assay systems are included for each group of parameters.

7.1. Physicochemical Characterization
The importance and applicability of data on the physical and

chemical characteristics of a fiber type in relation to its poten-
tial toxicity and carcinogenicity are discussed in sections 5 and
6.3. The importance of fiber geometry, especially length, along
with the ability to persist in the milieu of the lung, a function of
composition, are the two key parameters currently seen to best
predict how harmful a fiber is likely to be. The key parameters
identified next enable a degree of quantification of these deter-
minants. Not all of these parameters may be relevant for a given
test fiber; for example, cleavage does not apply to amorphous
fibers, and if there are no transition metals, then chelation studies
are not warranted.

Fiber Morphology
Key Parameters

• Size distribution of fibers characteristic of human ex-
posure. The concentration and size distribution of the

fibers to which humans are exposed in the work en-
vironment should be determined through routine in-
dustrial hygiene monitoring if the fiber is already in
production. If the fiber is in development, the concen-
tration in the pilot plant should be determined. An-
ticipated applications of the material should be sum-
marized, including any processes that may affect fiber
physicochemical properties (cutting, drilling, sawing,
heating, etc.). If technically feasible, simulations of the
intended use of the fiber should be conducted to assess
the potential human exposure.

• Bivariate length/diameter distribution. A complete
characterization of the bivariate distribution of fiber
lengths and diameters and of the fraction of non-
fibrous particulate in the bulk product and the
aerosol measurements should be determined. The pre-
ferred counting and sizing methods are those out-
lined in the EC Inhalation Biopersistence Proto-
col (http://ecb.jrc.it/DOCUMENTS/Testing-Methods/
mmmfweb.pdf).

• Crystallinity, fracture habit. The structure of the fiber
should be specified, in particular, whether the fiber is
amorphous or crystalline. In addition, the cleavage and
fracture habit of the fiber should be determined in or-
der to assess the potential for creating respirable fibers
from larger fibers. (Cleavage and fracture differ in that
cleavage is the break of a crystal face where a new
face [resulting in a smooth plane] is formed, whereas
fracture is the “chipping” of the fiber.)

Chemical Properties
Key Parameters

• Chemical composition. The chemical composition
of the fibers should be determined very precisely
(>99.5%), particularly in the presence of elements that
may speciate as toxic moieties in vivo (e.g. arsenic,
chromium, etc.). Known or anticipated variation in the
chemical composition should be stated.

• Durability of SVFs in Simulated Body Fluids. In gen-
eral, these models have not been considered robust
enough to be used for regulatory classification of fibers.
However, they have been useful as a first step in inter-
nal screening by the fiber industry in developing new
SVF fiber compositions.
• Calculation of dissolution rate based on composi-

tion. Models exist to calculate fiber dissolution rate
directly from composition for a wide range of glass
wool and stone wool compositions.

• Measurement of dissolution rate in a cell-free sys-
tem. The most widely used methods are based
on chemical analysis of the dissolution fluid for
one or more of the dissolving fiber components in
a dynamic flow-through system, but flow-through
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methods based on measurement of mass loss or fiber
diameter reduction have also been developed and
used. Interlaboratory comparisons have shown con-
sistency within laboratories but high interlaboratory
variation. Several studies have shown a good corre-
lation between the results of in vitro, cell-free disso-
lution measurements and fiber durability in the lung
(Sebastian et al., 2002; Guldberg et al., 2003).

Other Relevant Properties. Physicochemical parameters
that may be useful in further characterizing some types of fibers
are the extension of the exposed surface and surface activity.

• Surface area. The specific surface can be determined
by adsorption of nitrogen at low temperature (BET
method) or, as a rough estimate, from electron mi-
croscopy information on fiber lengths and diameters. It
is useful—when it is the surface of the fiber that deter-
mines the biological response—to provide the evalua-
tion of the doses/exposures in terms of exposed surface,
for comparing the effects of different fiber types.

• Surface activity. Surface activity measurements most
relevant to the potential for fiber toxicity are:
• Free radical generation. The release of free radi-

cals from the fibers in aqueous suspension is mea-
sured in order to determine the part of oxidative stress
caused directly by the fibers without the intervention
of macrophages. Sustained and high free radical re-
lease (ROS mainly) will damage surrounding cells
(lipids, proteins, DNA).

• Ion mobilization. Selective mobilization of transi-
tion metal ions or other moieties from the surface by
chelators indicates that endogenous molecules may
chelate and translocate surface ions to target cells.

Other potentially useful parameters are the extent of surface-
reactive metal ions, the surface charge in a physiological so-
lution, and the degree of hydrophilicity/hydrophobicity, which
governs protein adsorption and denaturation at the fiber surface.

The parameters just described may be helpful for further
characterization, particularly in the case of crystalline and bio-
durable, noncrystalline inorganic fibers or surface-treated inor-
ganic fibers.

For organic fibers, in the absence of metal impurities, hy-
drophobicity and surface charge are important; no data are avail-
able so far on the generation of free radicals.

Comment. There is currently no single physicochemical pa-
rameter that can be used to predict toxicity and carcinogenicity
for all fiber classes. For silica-based vitreous fibers, fiber dimen-
sions and biodurability have been shown to be correlated with
persistent inflammation, lung fibrosis, lung cancer, and mesothe-
lioma. Chemical composition is an important determinant of bio-
durability for this class of fibers. For durable natural inorganic
fibers, including asbestos and erionite, mobilization of reactive

transition metals, the ability to participate in redox reactions,
and hydrophilicity are additional physicochemical properties
that have been associated with biologic reactivity and cellular
toxicity. For some natural inorganic fibers such as erionite, the
physicochemical basis for fiber potency in induction of mesothe-
liomas is not completely understood. For nonvitreous synthetic
fibers, such as silicon carbide, there is even less understanding
about the physicochemical basis for fiber cellular toxicity and
potent carcinogenicity in experimental animals. The important
physicochemical parameters for organic fibers are not under-
stood. These fibers may contain compounds that could affect
the immune system. If these or other parameters are proven to
be important, then their measurement should form part of the
physicochemical testing strategy.

7.2. In Vitro Toxicity Tests
Many in vitro toxicity studies have been developed; however,

due to the limitations outlined next, current in vitro test systems
have limited usefulness for hazard identification or characteri-
zation of dose-response. For some fibers, these tests may help
to identify and evaluate possible mechanisms involved in fiber
pathogenesis. Mechanistic pathways can be elucidated using
in vitro test systems and then validated in animal models. Such
mechanistic information should be viewed as a complement to
in vivo data for risk assessment and not part of recommended
routine testing requirements.

Several endpoints that monitor the in vitro toxicity and reac-
tivity of fibers have been described in section 6.5. In vitro studies
can be performed using a number of target cells from unexposed
or fiber-exposed animals. Cells of interest include:

1. Pulmonary macrophages—These lung cells are the first line
of defense against inhaled particles. Phagocytosis of particles
is a critical step in pulmonary clearance. Long fibers, too large
to be engulfed, result in frustrated phagocytosis, chronic re-
lease of mediators, and failed clearance. Interaction of fibers
with pulmonary macrophages results in the generation of ox-
idants, inflammatory cytokines, and growth factors, which
are believed to play critical roles in fiber-induced disease.
For these reasons, pulmonary macrophages are a common
target cell for in vitro studies.

2. Pleural macrophages—In the case of pleural disease, the
pleural macrophage is believed to be critical in phagocytosis
and clearance of fibers, which enter the intrapleural space.
As with pulmonary macrophages, these phagocytes are be-
lieved to be an important source of fiber-induced oxidants,
inflammatory cytokines, and growth factors.

3. Bronchial epithelial cells—Fibers preferentially deposit at
the bifurcations of the terminal and respiratory bronchi-
oles. Therefore, bronchial epithelial cells are a target. Fiber-
induced proliferation and mediator production by exposed
bronchial epithelial cells are believed to play a role in fiber
pathogenesis.
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4. Alveolar epithelial cells—Alveolar type II epithelial cell have
been shown to produce oxidants and cytokines in response
to fiber exposure. Thus, a role in fiber-induced lung disease
has been proposed.

5. Mesothelial cells—Proliferation of mesothelial cells is a hall-
mark of mesothelioma. Therefore, the effects of fibers on cell
growth regulation in mesothelial cells is of interest.

6. Fibroblasts—This alveolar interstitial cell is the source of
collagen associated with fiber-induced interstitial fibrosis.
Regulation of fibroblast proliferation and secretion of ex-
tracellular matrix components is a critical step in fibrotic
disease.

7. Cocultures—It is becoming clear that mediators from one
type of lung cell can affect the activity and proliferation of
another type of lung cell. Such cross-talk plays an impor-
tant role in the initiation and progression of fiber-induced
disease. Therefore, evaluation of the effects of fibers on ep-
ithelial cell/macrophage cocultures or fibroblast/macrophage
cocultures is of interest.

Endpoints that are commonly evaluated in studies in vitro
with fibers include:

1. Cell death—Both apoptosis and necrosis are of interest.
2. Metabolism—Effects of fibers on the generation of oxidants

as well as the effect of organic chemicals absorbed on fibers
on induction of cytochrome P-450 metabolic pathways have
been studied.

3. Phagocytosis—The effects of fiber length on frustrated
phagocytosis make up a subject of great interest, since this
is believed to impact fiber clearance and toxicity.

4. Proliferation—Disregulation of cell growth is believed to
play a role in fibrosis (fibroblasts), lung cancer (airway ep-
ithelial cells), and mesothelioma (mesothelial cells).

5. ROS/RNS—Reactive oxygen and nitrogen species have
been implicated in DNA damage and induction of inflam-
matory cytokines and growth factors.

6. Chromosomal damage—Fiber-induced oxidants have been
linked to chromosomal damage. In addition, fibers have
been shown to interfere with mitotic spindles.

7. Signal transduction pathways—Such pathways regulate the
production of message for inflammatory cytokines, growth
factors, and regulators of the cell cycle. These transcription
signals are sensitive to oxidants, which may be generated
by fibers produced during the phagocytosis of fibers.

8. Chemotaxis—Localized influx of inflammatory cells may
occur at fiber deposition sites and result in localized oxi-
dant/inflammatory stress.

9. Inflammatory mediator gene expression—Activation of
promoter genes for cytokines, such as TNF-α, has been
reported in response to fiber exposure in vitro.

10. Genotoxicity—Fiber-induced DNA damage in combination
with disregulation of the cell cycle could result in prolifer-
ation of mutated cells.

Comment. There are several issues that limit the usefulness
of in vitro tests for toxicity screening of fibers. For example,
short-term in vitro assays of biological activity cannot allow
for differences in biopersistence of fibers, and as a result, some
nonbiopersistent fibers that are not pathogenic in vivo are posi-
tive in short-term in vitro tests (Hesterberg et al., 1983; Ye et al.,
1999). In vitro cellular assays, in fact, have several technical
limitations:

1. High doses of fibers are used to obtain a positive response;
it is difficult to extrapolate from these high-dose, short-term
exposures to low-dose, chronic exposures in vivo.

2. Fiber dose in cellular assays is often expressed in terms of
mass of fibers rather than numbers of fibers, creating a major
problem in relating in vitro to in vivo dose. In fact, number
of long (>20 µm) fibers is a better dose metric to use in com-
paring potency between fiber types. Number of long fibers
per cell is the optimal expression of dose, but number of long
fibers per unit surface area of the culture dish is an acceptable
alternative.

3. In vitro endpoints (e.g., release of inflammatory mediators,
activation of transcription factors, induction of cell prolifer-
ation or apoptosis) are measured after a few hours or days,
while in vivo responses to biopersistent fibers are sustained
over several weeks or months. These endpoints have not been
validated as screening assays that are predictive of long-term
pathological effects in vivo.

4. The target cells used in short-term cellular assays are dif-
ficult to standardize and maintain. Stable primary cultures
of mesothelial cells, alveolar cells, or terminal bronchial ep-
ithelial cells are not widely available. Cell lines used in the
published in vitro studies have been derived from human lung
tumors (e.g., A549 cells), spontaneously immortalized cells,
or cells transfected with viral oncoproteins (e.g., Met5A)
that may alter their genotoxic, apoptotic, or proliferative
responses.

With the recent introduction of cDNA microarray assays,
gene expression profiles of mesotheliomas in rodents and hu-
mans have been generated. This technique has not yet been
applied to lung tumors induced by asbestos or other fibers.
Genomics and proteomics may eventually lead to identifica-
tion of more specific biomarkers for fiber-induced lung cancer
and malignant mesothelioma. Currently, no specific molecular
biomarkers have yet been identified. Although quantitative poly-
merase chain reaction (PCR) assays for gene amplification and
expression have been recently developed, these assays are dif-
ficult to apply to heterogeneous cell populations. Isolation of
specific preneoplastic and early neoplastic cell populations from
the lung requires highly specialized techniques (e.g., laser cap-
ture microdissection) that will be difficult to adapt for routine
screening assays.

In conclusion, current in vitro test systems have limited
usefulness for hazard identification or determination of dose
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response. However, they may be useful tools to identify and
evaluate possible mechanisms involved in fiber pathogenesis.
Mechanistic pathways can be elucidated using in vitro test sys-
tems and then validated in animal models. Such mechanistic
information should be viewed as a scientific complement to in
vivo data for risk assessment.

7.3a. Short-Term In Vivo Animal Studies: Fiber
Endpoints

As reflected in the proposed testing strategies (Figures 6 and
7), the fiber sample to be tested should be well characterized
physically and chemically (section 7.1) with appropriate fiber
dimensions for the in vivo studies (e.g., rodent-respirable with a
significant fraction longer than 20 µm for SVFs, but also relevant
to human exposures). When special preparation of fiber samples
is necessary to obtain test materials that are rodent respirable,
it is important to be certain that the chemical composition and
other inherent characteristics of the fibers have not changed.

Key Parameter

• Biopersistence. Measuring the biopersistence of a fiber
in the lung is important in characterizing the retained
dose. Biopersistence measurements have to be stan-
dardized, as the results are highly dependent on the
type of application (inhalation or intratracheal instilla-
tion), the diameter and length distribution of the test
sample, the observation period (timing of scheduled
sacrifices), the statistics used for the evaluation of the
half-time (see Comment below), and the fiber length
selected as the basis for the calculation (e.g., fibers
>5 µm or >20 µm). In the European Union, special
guidelines have been developed to determine bioper-
sistence after inhalation and intratracheal instillation
in rats, which clearly specify the fiber preparation, ex-
posure, and testing parameters in order to provide a
highly standardized reproducible protocol for regula-
tory use. Biopersistence can be measured in a separate
short-term study (e.g., 5-day inhalation exposure), or
in the subchronic inhalation toxicity study by including
subgroups for assessment of lung fiber burden after a
5-day exposure, at exposure termination (1–3 mo), and
at the end of the postexposure recovery period.

Other Parameter

• Pleural fiber burden. Principally, the number of re-
tained fibers in the pleura can be determined by special
techniques. However, the number is expected to be very
low after a 5-day inhalation exposure and might be not
very meaningful. (After 180 days, the number that have
migrated to the pleura may be sufficient to be a useful
measure.)

Comment. Short-term in vivo assays to measure the re-
tained dose of fibers in the lung after intratracheal instillation

or inhalation have been developed and validated for silica-based
vitreous fibers. For this class of fibers, fiber length is a major
determinant of carcinogenicity. Experimental data are limited
for other classes of synthetic or organic fibers. However, in con-
sideration of additional factors that can contribute to persistent
inflammation and fibrosis, the role of shorter fibers and particu-
lates should be evaluated more thoroughly.

A major data gap in the current short-term in vivo assays using
natural or synthetic inorganic fibers is the paucity of information
on fiber burden and biologic responses in the pleural space and
mesothelial lining. The biologic and toxicologic responses of
different macrophage populations (alveolar vs. pleural, resident
vs. elicited) must be investigated.

Clearance of poorly soluble particles and fibers is much
slower from the alveolar region of the respiratory tract than from
the ciliated tracheobronchial region. After a short-term exposure
in rats, a significant fraction of the fibers is typically deposited
in the tracheobronchial region, and the majority of these fibers
are rapidly removed by ciliary clearance. This fraction of fibers
does contribute to the fast phase of a biphasic lung clearance. For
hazard assessment, the slow phase is most relevant and should
be evaluated rather than using a weighted half-time of the fast
and the slow clearance. However, if only a small fraction (<5%)
of the total fiber burden is in the slower clearance component,
the weighted half-time may be appropriate.

7.3b. Short-Term In Vivo Animal Studies:
Toxicological Endpoints

For short-term in vivo testing of fibers for toxicological end-
points the inhalation route is preferred, since it is the most phys-
iologically based. However, for test fibers available only in low
numbers intratracheal instillation is an acceptable alternative
mode of delivery, provided that low doses similar to those achiev-
able by inhalation are used and provided that appropriate meth-
ods are employed to control and assess possible agglomeration
of fibers which can result in artifacts. In either case, the exposure
should deliver sufficient long fibers to avoid a false negative. In
the case of inhalation exposure this requires a minimum expo-
sure duration of 1 mo and preferably 3 mo. The European Com-
mission 90-day inhalation protocol (European Commission,
1999b) recommends 150 fibers/cm3 with length greater than
20 µm as the highest of 3 exposure levels in studies of synthetic
mineral fibers. A recovery period of at least 3 mo should also be
included as part of the study to evaluate the persistence or recov-
ery of key parameters. The key parameters have been validated in
the 90-day study for SVFs and asbestos, but the validity for other
classes of fibers is less defined and requires further research. In
general, further work to validate and standardize this most im-
portant subchronic inhalation toxicology study is recommended.

Key Parameters. At various time points throughout the ex-
posure period and postexposure, the following endpoints should
be evaluated to assess potential toxic effects in the lungs.
These endpoints are in common use, and their interpretation is
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generally based on a significant difference from control lungs.
During the recovery period the key parameters should return
toward baseline for nonpersistent, nontoxic fibers.

• Lung weight. This parameter provides a direct, if insen-
sitive, measure of treatment-related change that reflects
edema/inflammation or fibrosis.

• Bronchoalveolar lavage (BAL) profile. This method
samples the cells and fluid from the bronchoalveolar
space and allows the assessment of inflammation by
quantification of cell numbers and types and compo-
nents of the fluid phase. In addition, considerable extra
information can be gained by various ex vivo manipu-
lations of the BAL cells (e.g., gene expression, phago-
cytic potential, etc.).

• Proliferation. Increased cell division plays a key role in
pathological response and can be determined in epithe-
lial or mesothelial cells by uptake of labeled nucleotide
precursors, such as tritiated thymidine or BrdU.

• Fibrosis. Fibrosis can be determined in lung tissue by
measurement of hydroxyproline in lung extracts, by
specific staining of collagen in histopathological slides,
or by qualitative and quantitative histopathology. How-
ever, the hydroxyproline technique is not accurate in
detecting small amounts of fibrosis, as is likely to be
the case here, so this may be of limited value. Confocal
microscopy has been shown to be a sensitive technique
for evaluation of fibrosis.

• Histopathology. Description of the general effects of
treatments on the lungs should include endpoints such
as presence of dust-laden macrophages, cellular infil-
trates, and hyperplastic change in the epithelium. The
Wagner scale represents a tried-and-tested method for
quantifying such change.

Other. Other assays identified as having the potential to
provide additional information in short-term exposure stud-
ies include: 8-hydroxy-deoxyguanosine; HPRT mutation; BAL
leukocyte function ex vivo; pleural lavage profile; pleural leuko-
cyte function ex vivo; and clearance of tagged particles.

Comment. The most commonly used endpoints in short-
term in vivo assays are inflammation, cell proliferation, and fi-
brosis; however, newer endpoints may provide additional, useful
information.

Inflammatory and immunological reactions in the lungs and
pleura may potentially amplify the toxicity of inhaled fibers,
leading to fibrosis. Persistent inflammatory responses may also
contribute to oxidant stress and secondary genetic and epige-
netic changes associated with carcinogenicity. These parame-
ters have been evaluated primarily in the rat. The potential for
organic fibers to elicit immunological responses has not been
evaluated. Whether asbestosis contributes to the development
of lung cancer in humans is controversial, although lung fibro-
sis has been closely correlated with lung tumors in chronic rat
inhalation assays. Adaptive responses (induction of antioxidant

defenses and lung cell proliferation) have been documented in
short-term inhalation assays in rats exposed to asbestos fibers
(Quinlan et al., 1995; Bellmann et al., 2003). These adaptive
responses may alter the rate of development of lung tumors or
mesotheliomas.

Because the persistent nature of the lesions and the fiber bur-
den of the most hazardous fibers are critical to the evaluation
of the potential toxicity of a fiber type, the study design should
include a recovery group of animals. This is typically accom-
plished by including as part of the core group of exposed animals,
a group that is held unexposed for at least 3 mo, and possibly
up to 12 mo, postexposure. The key parameters evaluated in the
recovery animals will be typically dictated by the findings at
the end of the exposure, although most of those just listed are
usually required. Comparison of postrecovery lung fiber burden
with that at exposure termination is also recommended. Specific
time points for evaluation during the recovery period will vary
with the type of fiber being studied.

This recovery period is necessary to determine whether ef-
fects seen at the highest concentration of a three-dose sub-
chronic study will persist, progress, or regress. For example,
even a biosoluble fiber may show significant effects at the end of
a 3-mo exposure, including some fibrosis, which will regress in a
subsequent recovery period. In contrast, similar effects induced
by a biopersistent fiber will progress or persist.
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Fubini, B., and Otero-Aréan, C. 1999. Chemical aspects of the toxicity
of inhaled mineral dusts. Chem. Soc. Rev. 28:373–381.

Fubini, B., Mollo, L., and Giamello, E. 1995. Free radical generation
at the solid/liquid interface in iron containing minerals. Free Radical
Res. 23:593–614.
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