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FOREWORD

The International Agency for Research on Cancer has had a long-
standing interest and invelvement in the elucidation of the cancer risk
arising from exposure to mineral fibres, both natural and artificial. This is
reflected in a number of Agency publications, ranging from the early
volumes on the Biological Effects of Asbestos (1972} through the volumes
on the Biological Effects of Mineral Fibres (1981), and several volumes
{1,14,42) in the Monographs series which have addressed and updated the
evidence concerning carcinogenic carcinogenic risk for agents such as
asbestos, silica, erionite fibres and man-made mineral fibres. A number of
these publications include the direct contributions that scientists in the
Agency have been making, particularly over the last 10 years, to
epidemiological studies on the role of man-made mineral fibres (MMMF),
and on erionite in relation to mesothelioma. Recent decades have also
witnessed an improvement in environmental conditions, particularly ina
number of occupational settings, bringing about an effective reduction in
the levels of exposure to airborne asbestos fibres in many countries.
Because of this improvement in understanding of how cancers relate to
exposure to mineral fibres and the lowering of the exposure levels, the
focus of scientific interest has been shifting in recent years to the risks
associated with long-term low-level exposures. This is a particularly
thorny problem to investigate, requiring both direct observation of
population groups exposed to low concentration of fibres and extrapo-
lation from groups exposed at high levels. The combination of these
approaches, as well as the solved and unsolved problems that they giverise
to, are well illustrated by the papers in the present volume. Covering the
ground from environmental measurements to risk assessment, they offera
comprehensive and up-to-date view that should contribute to a beiter
appreciation and control of health risks from exposure to mineral fibres in
the general environment.

Lorenzo Tomatis, MD
Director, IARC

-xi-
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MINERAL FIBRES IN THE
NON-OCCUPATIONAL ENVIRONMENT

J. Bignon

INSERM U 139, Hépital Henri Mondor, Créteil, France

That long-term non-occupational exposure to mineral fibres does have health
effects can be deduced from the fact that a high frequency of pleural calcifications and
mesothelioma has been observed in people living in certain rural areas of southern
Europe where the soil contains fibrous rocks. These people (of both sexes) have
probably been exposed since childhood to airborne dusts derived from the soil. While
this type of envirommental exposure seems unavoidable, the extent to which the
general pepulation of industrialized countries is non-occupationally exposed te
airborne and waterborne mineral fibres remains a matter of controversy. The
uncertainties are even greater in respect of health effects related to low dose levels in
environmental setiings. We are therefore facing a difficult challenge and it is our task
to investigate this problem as thoroughly and accurately as possible, in order to find
solutions that are both reasonable and acceptable. In this context, the decision of the
US Environmental Protection Agency in January 1986 to ban progressively all
asbestos-containing products in the USA seems unnecessary and unjustifiable
scientifically, particularly when it is claimed that this measure will avoid 1900 deaths
dueto asbestos-related cancers during the next 15 years. Morecver, this decision does
not take into account the uncertainties concerning the potential carcinogenic risks of
non-asbestos natural or synthetic mineral fibres, which are already largely used as
substitutes for asbestos, even though their toxicity has not been adequately assessed.

Ido not propose to review here the world literature on the health effects of asbestos
and non-asbestos mineral fibres, since several extensive reviews have been published
during the last five years, coveringall types of mineral fibres and all types of exposure,
including non-occupational {Becklake, 1976; Doll & Peto, 1985; National Research
Council, 1984; World Health Organization, 1986a,b; Ontario Royal Commission,
1984; Environmental Protection Agency, 1986).

In order to assess the potential human health hazard in relation to past, present
and future exposure to mineral fibres from non-occupational sources, the following
points must be considered: (1) what types of fibrous materials are we going to deal
with? (2) what are the major industrial and natural sources of non-occupational
exposure to fibrous dusts? (3) how great are such exposures? (4) what kind of people
are exposed: the entire population or specific groups? (5) what diseases have been
found to be asscciated with environmental exposure to mineral fibres? (6) are we
dealing with a real public health problem or has it been exaggerated by scientists and
environmentalists?

3



4 Bignon

Types of materials considered

According to geologists, the term fibre covers all fibrous inorganic and organic
materials having a length:diameter ratio greater than 3:1. However, as we now know
that the fibrous mineral particles ‘critical’ for health are those which are thinand long,
regulatory agencies tend to inciude under this term all those particles, whether fibrous,
prismatic or acicular, that have aspect ratios of about 10:1 and even greater (Flanigan,
1977; Zoitai, 1979).

Natursl fibres
The main natural fibres are shown in Figure 1.

Fig. 1. Classification of naturai fibres

NATURAL FIBRES

ASBESTOS ASBESTIFORM
l 1 |
CHRYSOTILE AMOSITE CROCI- NEMALITE SEPIOLITE
DOLITE {contaminants
in talc deposites)
ANTHOPHMYLLITE
ATTAPULGITE ZECLITE
{patygorskite) (erionite,
ACTINOLITE- mordenite)
TREMOLITE

(contaminants)

WOLLASTONITE
{acicular crystals?)

{asbestos mines, talc, vermiculite ore)

Asbestos
Asbestos is the name given to a group of fibrous silicates which are used
commercially because of their high tensile strength and resistance to heat and
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chemicals. There are 3 commercial varieties, namely chrysotile, which belongs to the
serpentine group of minerals, and crocideolite and amosite, which belong to the
amphibole family. Three other amphibole types — anthophyllite, actinolite, tremolite
— are not commercially exploited but can contaminate other commercial mineral
deposits, e.g., in chrysotile asbestos mines, particularly in Quebec, and sheet silicate
(taic and vermiculite) mines in the USA (Lockey er al., 1984). These well-known
asbestos minerals have different fibrous properties and chemical formulae (National
Research Council, 1984; Worid Health Organization, 1986b) {Table 1).

Table 1. Commercial asbestos

Mineral Mineral Chemical formula Remarks
group
Chrysotile Serpentine (MgFe){OH)Si,0y White asbestos — the most
commonly used variety
Riebeckite Amphibole Na,Fe,t FeY(OH),Si;0,,  Blue asbestos. Its use is
(erocidolite)? becoming increasingly

subject to restrictions

Anthophyllite Amphibole (MgFe),(OH),Si;0,, Usually a low-quality
asbestos. No longer
commercially used. Present
as a2 contaminant in
amosite and in some
chrysotile and talc

deposits
Cummingtonite- Amphibole Mg,(OH),5i,0,, Brown asbestos. Still
grunerite Fe,(OH),514,0,, extensively used,
{amosite) particularly in the USA
Actinolite- Amphibole Ca,Fe (OH),8i;0,, Not commercially used.
tremolite Ca,Mg(OH),54,0,, Common contaminant of

amosite. May contaminate
chrysotile, talc and
vermiculite deposits

ACommercial name

Asbestiform fibres

The term ‘asbestiform fibres’ covers all natural crystals that have the same fibrosity
as commercial asbestos. Five varieties are listed in Table 2, of which only three are in
commercial use: (1) attapulgite (palygorskite), a fibrous clay mineral with a high
magnesium content produced in the USA, France, Spain, Senegal and Turkey in
amounts exceeding one miilion tons per year (Bignon et al., 1980; National Research
Council, 1984, TARC, 1987). This fibrous mineral, which is highly absorbent, is used in
many products: oil and grease absorbents, pet litters, drilling muds, paints, drugs,
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cosmetics, pesticides. Fibres from the US, French and Sensgalese deposits are shori
and thin {0.1-2.5 um in length), whereas those from other deposits {Spain) are longer
(30% of fibres longer than 5 um}). The importance of this size difference in relation to
carcinogenesis will be discussed later; {2) sepiofite — this mineral is another variety of
fibrous clay which has more or less the same commercial uses as attapulgite; (3)
wollastonite, a calcium metasilicate which has a fibrous acicular structure. Ii is used as
a filler in paints and in plastics, as a component of ceramics and, more recently, in
insulation as a substitute for asbestos,

Table 2. Asbestiform fibres

Mineral Mineral category Remarks
and chemistry
Nemalite Lamellar hydroxide Relatively rare, Contaminant

(fibrous brucite)®

Palygorskite
(Attapulgite)?

Sepiolite
(Meerschaum)?

Erionite

Wollastonite

Clay mineral. Lamellar
magnesivm silicate with
triple subchain structure

Clay mineral. Lamellar
magnesium silicate with
triple subchain structure

Zeolite. Fibrous
aluminosilicate

Long-chain silicates
(CaSi0s)

of chrysotile deposits

Consists principally of short
fibres. Used in drilling mud,
fertilizers, industrial,
commercial and domestic waste
absorbents, drugs, cosmetics
and insecticides

Used in adsorption granules.
Meerschaum is alse used for

making pipes

QOccurs as a fibrous mineral
constituent of tuffaceous
(volcanic ash) deposits, Similar
in dimensions to asbestos.
Environmental contaminant in
central Turkey

Usually acicular but may also
occur as asbestiform fibres,
Produced in Norway. Used as a
substitute for asbestos and

in ceramics,

“Commercial name,

To these three commercial varieties of asbestiform minerals we can add fibrous
rutile (Germine, 1985) and we must pay special attention to afibrous zeolite, erionite,
which is the naturally occurring asbestiform mineral associated with the very high
incidence of mesothelioma in certain villages in Turkey. The fibres derived from this
voleanic fibrous rock are similar in dimensions to those of asbestos (Suzuki, 1982).
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Synthetic fibres

There are more than 70 varieties of man-made mineral {or vitreous) fibres
(MMMF or MMVF) (Figure 2} which, although amorphous silicates, have all or many
of the asbestiform properties, particularly morphology, size and flexibility. The world
consumption of about 5 million tons of MMMF emphasizes their commercial
importance, which is still increasing, particularly as substitutes for asbestos.

Fig. 2. Classification of synthetic fibres

SYNTHETIC FIBRES

MAN-MADE MINERAL FIBRES OTHER FIBRES
FIBROUS GLASS CERAMIC FIBRES CARBON MISCEL-
(glass wool, fine fibres) FIBRES LANEOUS

ARAMID
POLYAMIDE-IMIDE
MINERAL WOOL PTFE

ROCKWOOL SLAG WOOL

MMMF can be roughly divided into glass fibres (approximately 80% of MMMF
production), used largely in building insulation; mineral wools, either rock wool or
slag wool (approximately 10-15% of MMMF production), mostly used in acoustic
and thermal insulation; and ceramic fibres (1-2% of alil MMMF), which are both
stronger and less soluble than glass and mineral wool fibres, This last group includes
aluminosilicates, zirconium, boron and silicon carbide fibres. They are resistant to
high temperatures and are used mainly in advanced technology. MMMF are usually
coated with a binder, which contains an oily substance for lubrication purposes, or a
resin (generally thermoplastic) for binding and/or caticnic surface-active agents for
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adhesion. These additives must be taken into account when assessing the toxicity of
these fibres. Other man-made fibres, such as carbon, graphite, alumina, potassium
titanate, phosphate and organic fibres, are produced in relatively small quantities. We
are therefore facing a very complicated problem and one that is difficult to assess, since
more than 150 products are currently available on the world market as substitutes for
asbestos, containing either MMMEF or organic fibres (Peters & Peters, 1986).

The figures for the consumption and production of 3 types of mineral fibres in the
USA, namely asbestos, attapuigite and MMMF, indicate clearly that the amounts of
asbestos are decreasing while those of natural or ariificial substitutes are increasing
(National Research Council, 1984). The use of unregulated asbestiform minerals,
either natural or synthetic, is increasing, but these minerals may have the same
biological and toxicological properties as the commercial varieties of asbestos.

Conditions of exposure to fibrous dusts

Origin of fibres
The fibrous dusts which contaminate the environment (air, water, food) are
derived either from natural or industrial sources (National Research Council, 1984).

Natural sources

Fibres are produced by the erosion of asbestos or asbestiform rocks widely
dispersed throughout the earth’s crust. Only a few of these deposits are commercially
exploited; thus, while chrysotile is found in many serpentine rocks all over the world,
there are only 30-40 workable commercial mines, mainly in Quebec and the USSR.
Asbestiform minerals, such as anthophyllite, tremolite, erionite, attapulgite and
sepiolite, may also contribute to fibre emissions as a result of natural weathering.

Industrial sources

Fibres are emitted during the extraction, processing and use of fibrous materials.
In industrialized countries, this is the main source of mineral fibres in air and water.,
Since the beginning of the century, asbestos consumption has risen to about 5 million
tons/ year, mostly chrysotile (35%) (Becklake, 1976). For this reason, we are probably
all environmentally exposed to asbestos, but at different concentrations, depending on
the place of residence.

As legislative resirictions were progressively imposed on the use of asbestos and
asbestos products, substitutes for asbesios in fibre-cement, brake linings, insulation
and in many other applications were rapidly developed in recent years. However, this
does not necessarily mean that inhalable fibrous dusts (diameter <3 wm) have
disappeared. In fact, the urban outdoor fibrous aerosol is increasingly becoming a
mixtoure of different minerals, often difficult to identify, even by analytical trans-
mission electron microscopy (ATEM). This indicates the heterogeneous nature of
environmental pollution by mineral fibres.
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Types of non-cccupational exposure

There are essentially three types of non-occupational exposure, of which thefirstis
community outdoor exposure, which inturn can be divided into rural exposure, urban
ambient exposure and neighbourhood industrial exposure.

Community outdoor exposure

Rural exposure, Rural exposure to mineral fibres is demonstrated by the fact
that pleural plaques and mesotheliomas have been observed in rural populations
possibly exposed to airborne or waterborne fibres released from natural deposiis at
the surface of thesoil. This type of exposure can be enhanced by such human activities
as agriculture, construction, quarrying and public works, and by geological and
climatic factors. However, the precise origin and total amount of asbestos and
asbestiform fibres released are not accurately known, Indeed, as will be discussed
later, fibre measurements in the ambient air have not provided completely satisfactory
data from the point of view of an understanding of dose-response relationships.

Urban ambient exposure. The contamination of the ambient air, particularly in
large cities, can be deduced from the constant finding of asbestos fibres in the lungs of
urban dwellers (Bignon ef al., 1970; Churg & Warnock, 1977). However, as discussed
later, the background levels of such urban air pollution are extremely low, and wedo
not know to what extent they contribute to the low asbestos fibre pulmonary burden
observed in the non-occupationally exposed general population. Non-asbestos
mineral fibres are also present in the lung in the general population (Churg, 1983).

Neighbourhood industrial exposure. Airborne asbestos fibre concentrations
were measured in various mining areas in Canada and South Africa in 1983 and 1984
and in the vicinity of asbestos processing plants in Austria (World Health Organiza-
tion, 1986b). These data indicated that the concentrations of airborne asbestos fibres
longer than 5 um in the vicinity of industrial sources were within the ranges of those
observed in cities (from 0.1 to 10 fibres/ litre) (f/ litre). Higher concentrations have
been observed under certain conditions (up to 300-600 f/litre downwind of an
asbestos mill in South Africa). So far, no measurements have been published on
airborne fibre concentrations in the neighbourhood of plants manufacturing or
processing either non-asbestos fibres or MMMF. It is likely that these emissions are
quantitatively less important than those observed in the vicinity of asbestos processing
plants,

Community indoor exposure

Indoor sources of airborne mineral fibres are shown in Table 3.

Thedirty clothes of asbestos workers have been found to be an important source of
indoor asbestos pollution, with measured concentrations of up to 5000 ng/m?
{Nicholson, this volume, pp. 239~261). This type of exposure is disappearing, as
workers no longer go back home wearing their working clothes.

The daily use of domestic equipment (such as hair dryers, ovens, etc), hobbies and the
use of pet litters (attapulgite, sepiolite) at home are potential sources of indoor fibre
release. However, no measurements of such indoor contamination are currently available.



14 Bignon

Table 3. Indoor sources of sirborne mineral fibres

Source Type of fibre
Clothing
Contaminated work clothes of asbestos workers Asbestos

Domestic uses

Household equipment {hair dryers, ovens) Asbestos, MMMF, attapulgite,
Hobbies sepioliie
Pet litters

Construction materials

Friable: sprayed or trowelled insulation Asbestos, MMMF
Non-friable:

Pipe and boiler insulation

Insulation board, asbestos-cement board

¥inyl-asbestos floor tiles

Paint

Paper

Textiles

The emission of mineral fibres from fibrous materials used for building construc-
tion is the main source of indoor fibre pollution at the present time. Non-friable
materials containing fibres are not really a problem because the fibres are sealed inside
the compact material (cement, plastic). A problem will develop only when the building
is demolished or renovated. Friable asbestos is commonly found in buildings where
the walls and ceilings have been sprayed or trowelled with asbestos-containing
materials. This technique was widely used for thermal or acoustic insulation or even
for decorative purposes between 1950 and 1973 in the USA and more recently in
Europe. In France, the spraying of asbestos-containing materials in buildings was
prohibited in 1977. Many school buildings contain friable asbestos materials and these
constitute a major public health concern, particularly since large numbers of children
(several million in western Europe) are potentially exposed. Moreover, children may
be exposed to higher levels than adults because, during their activities, they damage
the surface of the walls and redisperse fibres deposited on the floor. In addition, at this
age, the breathing rate is high. A precise evaluation of the magnitude of this health
hazard is needed in order to find the appropriate solutions (Dewees, 1987). It is
certainly possible to remove the friable materials efficiently with proper working
methods and proper protection. In contrast, inappropriate removal methodsincrease
the fibrous dust levels inside buildings. In many cases, sealing the material is all that s
necessary. '

As sprayed asbestos is banned in a number of countries, numerous substitutes, and
particularly fibrous glass, are being increasingly used for insulation purposes. As it is
probable that some of these substitute fibres may increase the risk of lung cancer
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(see p. 15}, it will be necessary to investigate more thoroughiy the public health
impact of this type of exposure, based on measurement datz in different occupational
and non-occupational settings. This will make it possible to design future epi-
demiological studies for assessing accurately the potential risk of low-dose exposure,
At the present time, a mixture of different types of fibrous materials, e.g., chrysotile,
amosite and glass fibres, is usually found in indoor air samples from buildings
(Sébastien er al., 1982). In such cases, the sources of the different types of fibre are
usually easily identified.

Consumer exposure

Asbestos contamination of food and beverages is another way in which fibres can
enter the human body. Fibres have been found in drinking-water in several cities
around the world, and fibre counts of up to 180 million per litre have been reported,
the fibres being mainly short fibrils, below 1 um in length (World Health Organi-
zation, 1986b).

Assessing non-occupational exposure

Assessment of the health risks from exposure to fibres in the general environment
(air, water) necessitates, on the one hand, the quantitation of the lifetime exposure of
individuals and, on the other, the estimation of the size of the population affected by
such exposure. In general, high lifetime exposures affect relatively few people, while
moderate or low lifetime exposures affect large numbers of people, most of whom
have been environmentally exposed (Suta & Levine, 1979).

When the size of the exposed population has been estimated, a2 number of
parameters will have to be taken into account: age (adults, children), sex, smoking
habits (number of cigarettes smoked and passive exposure to tobacco smoke), other
occupational and domestic exposures, place of residence, health status. It will also be
necessary to define how the population was exposed: by what route {inhalation,
ingestion), from what sources (natural or industrial), under what conditions
{outdoors, indoors, use of manufactured products), to what types of fibres (asbestos or
non-asbestos, MMMF), to fibres of what sizes (length, diameter), and possibly to
what associated compounds. Was the exposure continuous or were there episodes of
high exposure?

Asbestiform fibres found in the ambient environment are usually thin fibrils,
shorter than 5 ym, and many of them are not detectable by phase-contrast light
microscopy, which is not effective at concentrations of less than about 0.1 f/cm?. The
most accurate tool is the ATEM, which is capable of detecting and identifying all
fibres not detectable optically. The scanning electron microscope, which provides an
intermediate magnification, makes it possible to investigate a larger sample size, as
recently shown ina comparative study of different methods (Burdett & Jaffrey, 1986).
In the 1970s, results were expressed in terms of the mass of asbestos fibres per unit
volume of air or fluid (Nicholson er al., 1975; Sébastien et g/, 1980, 1982). Although
some inaccuracy is involved in determining the optical equivalent of TEM mass



12 Bignon

measurements, it is assumed that 30 ug/m? is approximately equivalent to | {/m?
(fibres >5 pm in length). Table 4 shows the concentration of asbestos fibres in air
expressed as the number of fibres >5 um/litre for different airborne exposures,
ranging from remote rural areas to the work-place, The indoor air concentrations in
buildings with substantial amounts of friable sprayed asbestos have been found to be
between | and 5 f/litre in 1985. The US Environmental Protection Agency (1986)
concluded that 509 of all concentrations of airborne asbestos fibres in US schools
were in the range 0.003-3 f/litre. Although uncertainties exist concerning the
estimation of airborne asbestos concentrations in buildings, it is clear that asbestos
exposure in non-occupational settings is at very low concentrations, about 3 orders of
magnitude less than the 2000 f/ litre corresponding to the present standard limit value
for occupational exposure.

Table 4. Concentirations of fibres im air?

Area Asbestos Total inorganic
Remote rural areas <0.} 1.4
Village without asbestos-cement roofing <0.1 4.5
Large city:

Residential areas 0.2-11 20-50

Road crossing with heavy traffic 09 60

Expressway 33 -
Neighbourhood of an asbestos-cement plant:

300 m downwind 22 90

1000 m downwind 0.6 60
Indoors:

Buildings without asbestos <0.1 -

Buildings with friable sprayed asbestos 1-40 -

50% of schools in the USA $.003-3 -
Work-places 160-100 000% -

9Expressed as number of fibres 5 ym per litre. Adapted from National Research Council (1984), Environmental
Protection Agency (1986) and World Health Organization (1986b}

bThe standard imit value is 2000 f/litre and is to be reduced to 1000 f/litre.

There are at present few data concerning MMMF concentrations in outdoor and
indoor air. This subject is reviewed in this volume by Gaudichet (pp. 291-298).
Concentrations seem to be lower than those observed for asbestos.

Thus, assessing the ‘critical’ concentrations to which the general population is
exposed is the crucial problem, We have to consider the following questions: What is
the best standardized method to be used for fibre assessment in the environment:
optical or electron microscopy or other techniques? How should we express the
results: mass or number per unit of volume of air or liquid? Should we limit
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identification and counting to the ‘critical’ fraction of fibrous dusts, i.e., fibres more
than 5 ym in length and less than 3 gm in diameter?

What has been learni from occupational exposure and from laboratory
studies

Asbestos fibres

Human studies

During the first 60 years of this century, physicians, pathologists and epi-
demiologists coniributed to the description of the main asbestos-associated diseases
{Becklake, 1976; Selikoff & Lee, 1978): asbestosis at the beginning of the century, then,
in the 1950s, lung cancer and, in the 1960s, mesothelioma (Wagner ez /., 1960) and
pleural plaques (Kiviluoto, 1960). More recently, the question was raised as tc a
possible relationship between occupational exposure to asbestos and laryngeal and
gastrointestinal cancers (National Research Council, 1984; World Health Organi-
zation, 1986b).

Since the 1970s, epidemiologists have described dose-response relatienships in
several cohorts of workers employed in industries where fibre concentrations have
been measured in the werk-place (Doll & Peto, 1985; National Research Council,

' 1984; World Health Organization, 1986b). Atthe 1979 IARC meeting (Wagner, 1980),
epidemiologisis agreed that this response was linear, although there were no data on
the response to low-dose exposures and there was evidence that the steepness of the
curve could vary, depending on the type of asbestos indusiry and/or processing
concerned (Doll & Peto, 1985; Peio ef al., 1985; McDonald er o/, 1980, 1983).

In the 1980s, several epidemiological studies have demonstrated that exposure to
amphibole fibre types, particularly crocidolite, was more strongly associated with
mesothelioma than was exposure to chrysotile (Wagner et ol,, 1980; McDonald & Fry,
1982). This finding may be related to the greater durability of amphibole fibres in the
lung, as compared with the rapid dissolution of chrysotile (Doll & Peto, 1985). This
has been demenstrated in both humans and animals (Wagner et al., 1974; Sébastien et
al., 1986).

In the last ten years, it has also become clear that fibres are present in air and in
drinking-water, but there are practically no data from which dose-response relation-
ships can be calculated for non-malignant and malignant diseases after exposure to
such low environmental doses,

Experimental studies

Of the numerous experimental studies carried out in order to understand the
mechanisms of fibre-related fibrogenesis and carcinogenesis, the most useful are those
in which an attempt was made to define the physicochemical parameters of fibres that
are most closely related to biological responses and disease induction.

The historic study by Stanton et al. (1977) showed that, following the intrapleural
inoculation of fibres of various types, the materials most highly carcinogenic to the
pleura were those of length >4 um and diameter <<1.5 um. Subsequently, Stanton ef
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al. (1981) extended their study to cover a large number of fibres of different types and
sizes and showed that the most highly carcinogenic were those of length >8 um and
diameter <0.25 um. Pott er gl. (1980) obtained similar resuits (length >4 um).
However, these dimensions do not constitute an absolute boundary between effect and
no effect, and we do not know what percentage of such fibresin a given fibrous aerosol
is necessary for inducing lung or pleural cancer. On the other hand, Bertrand and
Pezerat (1980) have calculated from the data of Stanton that an aspect ratio
{length/ diameter) equal to or greater than 10 may be the most significant parameter in
determining whether fibres are carcinogenic or not.

Length, diameter and/ or aspect ratic are not the only fibre parameters involved in
carcinogenicity, as indicated by several findings: the lower carcinogenic potential of
acid-leached chrysotile cannot be explained solely by size modifications (Morgan et
al., 1977: Monchaux et al., 1981). There are scme cases where, as with Spanish
sepiclite, long fibres did not induce mesothelioma after intraperitoneal injection
{Wagner ef al., 1980). Other parameters, such as surface properties {charge, free
radicals), strength and durability, must play an important complementary role in
toxicity and carcinogenicity.

Asbestiform fibres

To date, there is a paucity of data concerning occupational exposure to
commercial asbestiform fibres, such as fibrous clays {attapulgite, sepiclite) and
wollastonite, The published data concerning these 3 minerals and erionite have
recently been reviewed (IARC, 1987). The conclusions can be formulated as foilows.

Attapuligite {palygorskite)

At the present time, only two human studies are available, both on workers
exposed in the Georgia (USA) attapulgite mine (IARC, 1987). Anincreased mortality
from lung cancer was noted among the small group of workers with long-term,
high-level exposure. However, these studies are unsatisfactory, as information on
cigarette smoking was not obtained.

Several animal and in vitro studies are now available. Briefly, we can say that
samples of attapulgite consisting of short fibres were not found to be carcinogenicin
the rat after intrapleural injection, nor genotoxic to mammalian cells (Jaurand et al.,
1987). By contrast, samples with long fibres and a high aspect ratio did induce
mesothelioma in more than 50% of rats after intraperitoneal injection (Pott ef al,
1974), or after intrapleural injection (Wagner, 1982); palygorskite was used in the first
study and fibrous Spanish attapulgite in the second.

It is concluded that the evidence for the carcinogenicity of attapulgite for humans
is inadequate and that there is only limited evidence of its carcinogenicity for
experimental amimals (IARC, 1987).

Sepiolite
Only one publication has presented clinical and radiological evidence of pul-
monary fibrosis (small irregular opacities) in 10 of 63 workers engaged in trimming
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sepiolite in Eskisehir, Turkey. They had been employed from 1 to 30 years {mean, 11.9
years). However, more than half of these cases came from dusty rural regions, and
radiological examination of the inhabitants of 4 villages in Eskisehir, where sepiolite
has been mined and processed for more than 190 vears, showed no evidence of pleural
disease (Baris et a/., 1980). There are currently no adequate data on the carcinogenic
potential of sepiolite in either humans or experimental animals (JARC, 1987).

Wollastonite

There are few data on wollastonite. According to the studies of Shasby et al. (1979)
and Huuskonen et /. (1983), lung fibrosis and pleural plaques have been found in
workers exposed to wollastonite. Eisewhere, Stanton e al. (1981) showed that one
sample of fibrous wollastonite was not carcinogenic whereas 3 samples of acicular
wollastonite were carcinogenic in rats after intrapleural implantation. In the review
mentioned above, it was concluded that there was inadequate evidence for the
carcinogenicity of wollastonite to humans (IARC, 1987).

Erionite

There are many human and experimental data indicating the very high carcino-
genic potential of the fibrous zeolite, erionite (IARC, 1987); these will be discussed
later.

Man-made mineral fibres

Two large epidemiological studies, which have been extended considerably during
the last 5 years, have been carried out to determine the incidence of malignant and
non-malignant disease among cohorts of workers manufacturing MMMF (17 plants
in the USA and 13 plants in Europe). These data and others, both epidemiological or
experimental, were presented at the WHO conference in Copenhagen on MMMF
(World Health Organization, 1987). Sir Richard Doll presented an overview of the
conference in these terms: there was an increased mortality due to lung cancer in
production and maintenance workers employed in the early days of the rock, slag and
glass wool industry, but this excess was not due solely to fibre, since the majority of
workers were smokers and were exposed to other carcinogens present in the
occupational environment. These confounding factors could have contributed to the
excess of lung cancer, particularly during the early vears of production. Without a
quantified dose-response relationship, it was not possible to evaluate the risk of lung
cancer in association with different grades of exposure. ‘However, current exposures
to mean levels of 0.2 respirable fibres per ml or less seem unlikely to cause any
detectable excess in lung cancer rates’ (World Health Organization, 1987).

The carcinogenic potential of MMMF has been confirmed in laboratory animals
(see World Health Organization, 1986a, and United Nations Environment Pro-
gramme, 1986). Wagner et al. (1984) reported the results of inhalation and intrapleural
inoculation of rats with various types of MMMF. Intrapleural inoculation may cause
mesothelioma. However, after inhalation of MMMF in rodents, lung cancer and
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pulmonary fibrosis are rarely observed. Fibre dimensions are critical parameters for
these two responses. However, it is probable that the durability of fibres in the lung
also plays an important role. In this connection, experimental studies have suggested
that short, thin giass wool and rock wool fibres tend to disappear after deposition in
the lung, while longer and thicker ones seemed to become shorter and thinner with
time {(Davis et al., 1984).

In ail these animal studies designed to assess the carcinogenic potential of MMMF,
positive control animals exposed to chrysotile have been used. From the crude data,
particularly those expressed per unit mass of dust measured in the air of the inhalation
chambers (Wagner er 2l., 1984), the number of tumours produced by chrysotile would
seem to be much greater than that produced by MMMF. However, the results of this
study would have beendifferent if the number of tumours had been expressed in terms
of the number of fibres present in the inhalation chamber (Peto, this volume, pp.
457-470).

Human diseases associated with non-occupational exposure to mineral
fibres

In contrast to the vast amount of highly relevant epidemiclogical studies on
workers occupationally exposed to mineral fibres (in several of which dose-response
relationships for different types of asbestos exposure were firmly established), there
are few or no data on non-occupational exposures. Two types of studies have been
designed in order to assess the risks associated with non-occupational exposure: {(a)
case-control and cohort studies, where individuals with well identified and sometimes
quantified exposures were compared with controls without such exposure; and (b)
ecological-epidemiological studies, which essentially compared the cancer incidence
in different areas where the exposure conditions for the general population had been
assessed. The latter are less powerful than case-control studies because of the large
number of confounding variables, which are difficult to eliminate. Moreover, the true
excess cancer risk is probably underestimated in such studies, because of population
movements over a latent period of several decades (Polissar, 1980; Botha er al., 1986).

Current levels of nen-occupational exposure to mineral fibres are so low that there
is practically no opportunity to observe diseases related to high-dose exposure, such as
asbestosis. Lung cancer may be caused by many etiological factors, the most
important being cigarette smoking. Doll and Peto (1985) have shown the high
specificity of this carcinogen for lung cancer. Exposure to airborne asbestos fibres in
non-smokers has been found to be associated with only a slight excess of lung cancer.
In contrast, in workers who were cigarette smokers, exposure to asbestos dramatically
increased the risk of lung cancer (Hammond et al., 1979a; McDonald, 1980).
Moreover, the problem of lung cancer risk associated with asbestos exposure is
complicated by the controversy as to the need for pulmonary fibrosis to be present
before lung cancer can develop in subjects exposed to asbestos (Browne, 1986). All
these uncertainties mean that lung cancer is probably a non-specific disease in the
context of non-occupational exposure to low concentrations of airborne mineral
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fibres. It is noticeable that Neuberger er al. (1984) did not find any evidence of an
excess of lung cancer in an Austrian town where there was asbestos contamination of
air and water from natural tremolite deposits and where pleural plagues were endemic.
These authors also failed to find any excess risk of stomach cancer in this town, while
Botha er al. (1986) did find an excess mortality from stomach cancer in people
non-cccupationally exposed in the crocidolite mining districts of South Africa.

By contrast, pleural and peritoneal malignant mesothelioma represent highly
specific diseases, found in association with direct or indirect occupational or non-
occupational asbestos exposure in about 80-85% of cases. A dose-response relation-
ship exists between asbestos exposure and the incidence of this tumour, which has
been found even in association with low doses or short-duration exposure to asbestos,
even in occupational settings (Hobbs ef al., 1980). Case-control studies and cohort
studies have demonstrated the strong association of mesothelioma with several types
of fibres, particularly those of the amphibole group {Doll & Peto, 1985). Indescending
order, the carcinogenic mesothelioma potential in humans is as follows: first erionite,
then crocidolite, tremolite and amosite, and lastly chrysotile. There is no known
cofactor for the induction of mesothelioma, the incidence of this malignancy being
completely independent of tobacco smoking and related only to years since first
exposure and to age at first exposure (Peto er al., 1982; Peto, 1984).

Hyalin or calcified pleural plaques are benign lesions which seem to be good
markers of past occupational and non-occcupational exposure to mineral fibres. The
diagnosis is easily made on posterc-anterior, lateral or oblique chest X-rays. The
sensitivity and specificity of the X-ray diagnosis of pleural plaques has been discussed
recently (Jarvholm er al., 1986). Asbestos exposure seems to be the main cause of
pleural plaques (Kiviluoto, 1960; Jiarvholm er al., 1986). This appears clearly when
exposed groups are compared with control groups, but the dose-response relation-
ships with cumulative doses of asbestos have not been clearly demonstrated. It seems
that pleural plaques may be associated with low-dose and short-duration asbestos
exposure or with low asbestos fibre pulmonary burden. They seem to be more
frequently encountered in association with certain categories of fibres: erionite,
tremolite, anthophyllite (Hillerdal, 1981). This is in conflict with the fact that fibrils of
chrysotile have been predominantly found in the parietal pleura of humans (Sébastien
et al., 1979). Pleural plaques are time-related, their prevalence, number and density
increasing with years since first exposure to mineral fibres, or with age in the case of
environmental exposure. However, the specificity of pleural plaques is not absolute
since, as with mesothelioma, about 20% of cases are not associated with asbestos
exposure but are probably related to other unknown factors, which need further
investigation. Tobacco smoke by itself does not cause pleural plaques but increases
their prevalence by a factor of 2 in asbestos-exposed workers who are smokers or
ex-smokers, whereas there is no increase in non-smokers (Jirvholm, 1986). There is
some controversy as to whether pleural plaques are indicative of an increased risk of
asbestos-related cancer. A causal relationship between pleural plaques and meso-
thelioma does not seem to have been established. By contrast, the high frequency
(20-30%) of pleural plaques found in association with lung cancer in surgical series is
very striking. In these cases, low concentrations of mineral fibres are usually found in
lung parenchyma (unpublished data). The significance of these findings is unknown.
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Exposure to airborne mineral fibres
Outdoor community exposures

Rural population exposure

A high prevalence of calcified pleural plaques has been observed in populations
living in rural areas where deposits of asbestos or asbestiform fibres exist. Table 5 lists
the countries where such pleural calcifications have been observed and the types of
mineral fibres concerned., In some of these areas an abnormal incidence of
mesothelioma has also been observed. The most critical situation is exemplified by
two villages in Cappadocia, Karain and Urgiip (Turkey), where the death rate from
mesothelioma was found to be much higher than in the worst cohorts of workers
exposed to crocidolite (Baris ef al., 1978, 1981). A few cases of mesothelioma have also
been observed in Corsica, and may be associated with community rural exposure
{Boutin ef g/, this volume, pp. 406-410).

Table 5. Countries where pleural plagues have been observed and type of mineral fibre

concerned

Country Reference Type of Meso- Type of
pleural plaques thelioma mineral fibre
Finland Kiviluoto, 1960 Calcifications 0 Anthophylllite
South Africa Wagner ef al., 1960 Thickenings ++ Crocidolite
Bulgaria Burilkov & Calcifications 0 Anthophyllite
Michailova, 1970, 1972 -+ tremolite
. + sepiolite
Czechoslovakia Navratil & Trippe, Calcifications 0 Chrysotile
1972
Turkey Yazicioglu ef al., 1976 Calcifications 0 Tremolite
Yazicioglu et al., 1980 Calcifications + + chrysotile
Baris et al., 1978 Calcifications +
Rohl et al., 1982 Calcifications 0
Turkey Artvinli & Baris, 1979 Calcifications +++ Erionite
Baris et al., 1981
Greece Bazas et al., 1981, Calcifications 0 Tremolite
(Metsovo) 1985
Greece Constantopoulos Calcifications ++ Tremolite
(Metsovo) et al., 1985
France Boutin et al., 1986 Calcifications + Tremolite
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Paradoxically, in air samples taken in two of these areas {Cappadocia, Corsica),
fibres were found only at very low concentrations, 2 or 3 orders of magnitude less than
in work-places (Baris et al., 1981; Billon-Galand et /., 1988). The low concentrations
reported do not seem to be totally realistic, since the counts of ferruginous bodies in
the sputurn of residents in the two Turkish villages with a high incidence of
mesothelioma indicated a relatively high pulmonary burden, increasing with the
number of years spent in those villages (Sébastien ez al., 1984). It is possible that people
were also exposed domestically, e.g., when they used white stucco prepared from
crushed volcanic rocks. Yazicioglu et al. (1980) have reported pleural calcifications,
pleural mesotheliomas and lung cancers apparently caused by tremolite dusts used as
stucco.

Neighbourhood exposure

Calcified pleural plaques have also been observed in people living in the
neighbourhood of industrial sources, The first cases were found in the vicinity of
anthophyllite mines in Finland (Kiviluoto, 1960) and Buigaria (Zolov e? al., 1967).
Similar observations were made in populations living in the neighbourhood of an
actinolite mine in Austiria {Neuberger et al., 1982) and of an asbestos factory in
Czechoslovakia (Navratil & Trippe, 1972). In contrast, a cohort study conducted by
Hammond et al. {1979b) in male residents in the neighbourhood of an amosite factory
in Paterson, NJ, USA, did not show any evidence of increased risk attributable to this
type of exposure,

The proportion of mesothelioma cases associated with neighbourhood asbestos
exposure varied in different series, depending on the fibre type. Thus, in South
Africa, mesothelioma incidence was very high in the crocidolite mining areas, very low
around the amosite mines and apparently undetectable in the chrysotile areas of
Zimbabwe and Swaziland (Wagner, 1963; Webster, 1977).

Data from national mesothelioma registers are not completely concordant: in two
studies (Newhouse & Thompson, 1965; Bohlig & Hain, 1973), many unexposed cases
were found to have lived close to asbestos factories or shipyards where mixed types of
asbestos (amphiboles+tchrysotile) were used. In contrast, in registers from France
(Bignon ef al., 1979) and Canada (McDonald & McDonald, 1980), the percentage of
such cases was very low (around 1%). Thus, in the mesothelioma register conducted by
these last authors, only 2 out of the 254 cases of mesothelioma recorded in Quebec
between 1960 and 1978 lived within 33 km of the chrysotile mines and mills, However,
two ecological epidemiological studies (Pampalon et al., 1982; Siemiatycki, 1983),
based on the analysis of cancer incidence data from the Quebec Tumour Registry,
found that the risk of mesothelioma for residents of asbestos mining communities was
1.5-8 times greater than for residents in rural areas of Quebec. The higher risks in
males were attributed, in part, to occupational exposure. There was an increased risk
of cancer of the pleura in both sexes, which decreased with increasing distance of
residence from the asbestos mines, However, the authors emphasized the limitations
of their study, due to the lack of information concerning confounding factors.
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The conclusion reached in the WHO document (World Health Crganization,
1986b) with regard to neighbourhood exposure was as follows: ‘“The risk of pleural
plagues and mesothelioma may be increased in populations residing in the vicinity of
asbestos mines or factories. By contrast, there is no evidence that the risk of lung
cancer could be increased in similarly exposed populations’. These findings corres-
pond to exposures at 2 time when factories emitted high levels of airborne fibres,
Many countries now have regulations prohibiting such emissions. Levels cuiside
factories at the present time need to be determined, since they may be useful in future
epidemioclogical studies.

General population exposure

As indicated by the available data concerning fibre concentrations in the urban
atmosphere and in the lungs of unexposed city dwellers, it is clear that everyone is
exposed to asbestos, but at low concentrations. Moreover, these fibres are mostly
short, thin fibrils, probably not of the ‘critical’ size for health, althcugh they can
adsorb and transport carcinogenic chemicals.

National mesothelioma registers can provide some indication of the possible
health impact of pollution of the ambient air by mineral fibres. It has been found in
this way that, in several countries (Canada, USA, UK, France), the mortality due to
mesothelioma during the last 40-50 years showed a male/female sex ratio of about 1
for deaths before the age of 40-50. After this age, male mortality rose steeply (up to
10% per year) and the sex ratio increasing correspondingly. This trend was due to the
increased number of cases associated with past occupational exposure to asbestos,
which results from the increase in asbestos consumption during the last 40 years. This
finding indicates that at least two factors must play a role in the genesis of
mesothelioma; one that has been clearly identified is previous asbestos exposure, as
found in male asbestos workers; the other, which has apparently the same weight in
both sexes, is still unidentified.

The study of mesothelioma cases without specific asbestos exposure, and therefore
with low asbestos lung burden, showed the same trend in sex ratio, i.e., close to 1
{Bignon, unpublished data). Moreover, these cases were 10 years younger than
mesothelioma cases associated with occupational asbestos exposure, as if the disease
had been induced during childhood (Hirsch et ¢l., 1982). The same trend was noted in
the sex ratio of endemic pleural mesotheliomas in Karain (Turkey), where exposure
started immediately after birth (Saracci er al., 1982). Moreover, whereas annual
mescthelioma mortality is largely determined by time since first exposure to asbestos,
irrespective of age or cigarette smoking, the incidence of mesothelioma among those
with asbestos exposure is proportional to age, as if ‘exposure’ had started with birth
{Peto, 1984). As lung cancer in non-smokers is being increasingly associated with
passive smoking, mesothelioma without specific exposure to mineral fibres may be
related to environimental exposure to mineral fibres; this is probably the case in the
two ‘mesothelioma villages” of Cappadocia, where people are exposed to erionite
fibres from birth. However, other factors can play a role, such as unknown
carcinogens or genetic predisposition to early cancer induction in the mesothelium,
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This may have been the case in the rare published familial cases of mesothelioma
(Hirsch et al, 1982; Jaurand, this volume, pp. 54-73), although the role of other
familial or domestic factors cannot be excluded. It is also possible that the two
mechanisms (environmental exposure to mineral fibres and cofactors) may act
synergistically; for instance, exposure to low concentrations of mineral fibres during
childhood might sensitize genetically predisposed individuals so that they develop
mesothelioma 40 years later. On the other hand, the role of age was suggested by the
study of Peto er a/. (1982), who found, in a cohort of asbestos workers, that the
incidence of mesothelioma was higher when asbestos exposure began earlier in life.
Qur recent analysis of the cases in the French mesothelioma register gave the same
result, since 400; of the cases associated with asbestos exposure had their first
occupational exposure at between 11 and 20 years of age. These findings increase the
concern about asbestos pollution in schools.

In view of all these uncertainties, the role of “trivial’ environmental exposure to
mineral fibres in the causation of malignant mesothelioma requires further study.
More accurate quantification of mineral fibre exposure in occupational and non-
occupational settings would greatly improve estimates of mesothelioma risk at low-
dose exposure. In addition, account must be taken of fibre type as well as of age at first
exposure. On the other hand, animal studies must be used to explore the dose-
response curve, particularly for the very low doses of fibre exposure.

Indoor exposures

Domestic exposures

The survey conducted by Anderson er gl. (1976, 1979) on household contacts of
surviving asbestos workers showed a high frequency of chest X-ray abnormalities
(pleural plaques and parenchymal fibrosis) and some cases of mesothelioma. In
mesothelioma registers, such household contacts have been found retrospectively in
many cases (McDonald & McDonald, 1980; Bignon & Brochard, 1986; Vianna &
Polan, 1978). We do not know the exact fibre concentrations to which these cases were
exposed, but high concentrations were possible when handling dirty clothes.

Domestic exposure to asbestos fibres released from household equipment (hair
dryers, electric heaters) or from the weathering of paints and white stucco on house
walls has been suggested as the cause of some cases of idiopathic mesothelioma.,
However, such exposure has neither been definitely proved nor quantitatively
assessed. No known human health effects are associated with exposure to attapulgite
or sepiolite fibres released from carelessly handled pet litters. There is also no
indication that lung fibrosis and/or mesothelioma have occurred in cats directly
exposed to this dusty litter.

Exposure inside insulated buildings

With regard to health effects of indoor asbestos pollution, there is only one
published epidemiological survey to date; this relates to a cohort of workers (blueand
white collar) permanently employed at the University of Paris in buildings where the
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sprayed asbestos materials were friable and had deteriorated and where concen-
trations of 1000-2000 ng/ m3 have been measured. The chest X-rays, read according to
the ILO classification (International Labour Office, 1980), showed no significant
parenchymal or pleural changes after 10 years’ work (8 hours aday, 5 days a week, 46
weeks a year) in offices or laboratories containing sprayed asbestos. No case of
mesothelioma has been observed. However, sufficient time has not yet elapsed for
such a study to give reliable results, exposure having begun only in 1965 {Cordier e7 a/.,
1987).

Indoor pollution by MMMF has only recently been identified. We are far from
being able to evaluate any possible health hazard, especially since dose-response
relationships for lung cancer are inadequately known at the present time.

Ingestion of mineral fibres

Ten years ago, the discovery of significant contamination of drinking-water,
beverages and food by asbestos fibres raised the question of a possible increased risk of
gastrointestinal cancers in the general population. This is a complex question and one
that is difficult to investigate because of numerous confounding factors. Even in
cohorts occupationally exposed to asbestos, this increased risk of gastrointestinal
cancer, which varied from cohort to cohort, has not been fully confirmed (Acheson &
Gardner, 1983). Moreover, animal experiments have failed so far to demonstrate any
obvious carcinogenic effects after the ingestion of different types of asbestos
{Chouroulinkov, this volume, pp. 112-126).

Some 13 epidemiological studies have been conducted in various parts of North
America during the last 10 years. The results of most of these studies have been
reviewed by Toft ef al. (1984) and are presented in the WHO document (World Health
Organization, 1986b). Most failed to show any consistent evidence of an association
between cancer incidence and ingestion of asbestos-contaminated drinking-water.
Only the ecological-epidemiological study conducted in the San Francisco Bay area
indicated a significant association between asbestos in drinking-water and the
incidence of gastrointestinal cancers (Kanarek er al., 1980; Conforti et al., 1981).
However, this study did not assess individual exposures and may have been biased by
other confounding factors. Thus the fact that exposure was recent, mostly intermittent
and at variable concentrations was not adequately taken into account. In the more
powerful case-control study conducted in the Puget Sound area by Polissar et al.
(1982, 1984), there was no consistent evidence of any cancer risk from the ingestion of
asbestos in drinking-water. Thus the vast majority of the studies conducted to date
failed to indicate a consistent excess of gastrointestinal and other cancers among
residents of areas where the drinking-water supplies were contaminated with asbestos
or asbestiform fibres.

Risk assessment

The following three steps are generally necessary in assessing health risks from a
specific environmental exposure: () identification of the toxic substance and its
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adverse effects in humans; () determination of the dose-response relationships,
particularly for subjects sccupationally exposed to high or moderate doses; and (¢)
then, if the relationship is linear, extrapolation to low-dose environmental exposures.

As far as asbestos is concerned, measurements of current indoor exposures will
provide data from which the existing risk and the projected future risk can be
established. However, the long latency period of asbestos-related diseases makes it
necessary to wait at least 20 years or more before the future risk from present exposure
levels can be confirmed. In addition, the types and characteristics of fibres, conditions
of exposure, age at first exposure, duration of exposure and individual susceptibility
to disease are different in non-occupational as compared with occupational settings.
All these differences make risk assessment at the present time extremely uncertain.

Nevertheless, such quantitative and qualitative risk assessments should be usefulin
making policy judgements concerning the level of risks related to asbestos in non-
occupational settings and in comparing this risk with other risks commonly
encountered. Three studies have been published, one by the National Research
Council (1984), corrected by Aroesty and Wolf in 1986, one by Doll and Peto (1985)
and one by Hughes and Weill (1986). As there is some epidemiological evidence that
chrysotile is a less potent carcinogen than amphiboles, at least for mesothelioma,
Hughes and Weill (1986) gave different risk assessments for chrysotile and amphi-
boles. Doll and Peto {1985) estimated the lifetime risk of cancer at 10 per million for
children exposed for 8 hours per day, 5 days per week, for the 10 yearsfromage 8to 18
inaschool where asbestos fibre concentrations of §.5 f/ litre were present. Hughes and
Weill (1986), accepting a 6-fold higher exposure (3 f/litre) during 6 years spent in
school, made the following assessment for the various fibre types: for an exposureto
mixed fibres (chrysotiletamphibole), a total of 15 cancers per million (0.9-3.7 lung
cancer and 6.6-26.4 mesothelioma); for an exposure to chrysotile alone, a total of 4.5
cancers per million (0.9-3.7 lung cancer and 1.3-5.3 mesothelioma). These findings are
one order of magnitude less than those given by Doll and Peto (1985) and those of the
National Research Council (1984). In addition, Hughes and Weill (1986) compared
the risk of death from asbestos-related cancer with other death risks in relation to daily
activities, obtaining the following figures for the annual risk of death (per million):
studying in a school containing sprayed asbestos, 0.25; cyclingtoschool from 10 to 14
years of age, 15; inhalation or ingestion of foreign bodies, 15; playing football at
school, 10; chronic smoking, 1200; passive smoking for 2 months, 1. The risk
associated with exposure to low concentrations of fibres in schools must therefore be
seen in its proper perspective. Nevertheless, it must neither be underestimated nor
denied, and the authorities should be alert to the existence of this problem.

Conclusions

Ideally, all fibres would be eliminated from the environment, or at least their length
would be reduced as much as possible so that they became almost globular. However,
all the problems would not thereby be solved, since it has recently been reported that
quartz has carcinogenic potential (IARC, 1987). Mankind must therefore learntolive
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with certain risks, to some of which it has been exposed for thousands of years. The
more that is known about thern, the easier it will be to control and avoid them. As far
as mineral fibres in the non-occupational environment are concerned, the risk that
gives rise to the greatest concern is that associated with poliution inside buildings,
since it affects large numbers of children and is therefore of major importance bothto
the media and politically. In spite of the optimistic forecasts of some epidemiologists,
it is likely that some mesothelioma cases will be observed in association with such
exposures. They will be rare, but we must be medically, scientifically, humanly and
politically ready for them.
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MINERAL FIBRE CARCINOGENESIS:
EXPERIMENTAL DATA RELATING TO THE
IMPORTANCE OF FIBRE TYPE, SIZE,
DEPOSITION, DISSOLUTION AND MIGRATION

J.M.G. Davis

Institute of Occupational Medicine, Edinburgh, UK

Surmmmary. Fibre type, fibre size, deposition, dissolution and migration are all
factors of importance in mineral fibre carcinogenesis. These factors are, however,
so interrelated that only fibre size can be considered on its own to any extent. When
dusts are injected into the pleural or peritoneal cavities, the most carcinogenic
samples, producing the most mesotheliomas, are those containing the most long,
thin fibres. When very short fibre samples of both amosite and chrysotile recently
became available for comparison with long fibre preparations of the same
materials, short fibres were found to be much less fibrogenic and carcinogenic than
long fibres. The same studies provided important information on fibre deposition
and dissolution. Short fibre samples of both ashestos varieties penetrated to the
pulmonary parenchyma more easily than long ones but, after deposition, short
fibres were cleared more quickly. Very much less chrysotile was present in lung
tisstie at the end of one year’s dusting and clearance during the following 6 months
was very much faster. The long fibre chrysotile, which would be expected to be
resistant to mechanical clearance, was removed from the lungs much more quickly
than short fibre amosite, which was easily phagocytosed by macrophages. This
indicates that rapid chrysotile removal from lung tissue is due at least in part to
fibre dissolution. The phenomenon of chrysotile dissolution probably explains
why this asbestos type has been shown to be extremely carcinogenic in rats but
seems less carcinogenic than the amphiboles in humans. Fibres may remain in lung
tissue for the 1-2 years necessary to cause tumours in rats but this is too short a time
for the much longer lived humans, Only very few fibres penetrate the walls of the
gut following massive asbestos ingestion, although a few of these can subsequently
be found disseminated to other organs. Fibres are disseminated to other organs
much more effectively after inhalation. One area where fibre dissemination has
been suggested as being very important is that of transport from the lung tissue to
the pleural cavity, but in rats, direct fibre penetration to the pleura occurs very
rarely and the exact mechanism by which inhaled fibres reach the sites where they
can produce mesotheliomas remains one of the most important subjects for future
research.

Experimental studies have shown that tumour production following dust inhala-
tion can be related to the type and size of fibres as well as to the ease of fibre deposition
in the lung and to subsequent dissolution and migration of fibres. These factors are
frequently interrelated and difficult to separate from one another experimentally.

—33—
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Many studies have concentrated on the effects of fibre size, and the work of Pott
(1978, 1983}, Pott and Friedrichs {1972), Stanton ¢ ¢l. (1977), Stanton and Layard
{1978} and Stanton and Wrench {1972) has shown that, following intrapleural or
intraperitoneal injection of dust, mesothelioma production is related to the number of
long, thin fibres. It has been suggested that the most dangerous fibres are those >>8 pm
in length and <(0.25 pm in diameter but that fibres of all types in this size range,
including man-made mineral fibres (MMMF) as well as asbestos, are equally
carcinogenic.

Apart from the production of mesotheliomas following intrapleural implantation,
fibre length is important in short-term in vitro toxicity to macrophages (Forget et al.,
1986; Tilkes & Beck, 1983) and, following intratracheal injection, long fibres produce
pulmonary fibrosis while short fibres do not (Wright & Kuschner, 1977).

Until recently, there has been no evidence that fibre size was equally important in
pulmonary carcinogenesis following dust inhalation, since suitably sized dusts had not
been available in the large quantities needed for inhalation work. It is now possible,
however, to obtain samples of amosite and chrysotile asbestos produced by
sedimentation techniques so that the majority of fibres are extremely short. These
have been used for full lifespan inhalation studies in rats, and their pathogenic effects
compared with those of dust clouds generated from the same batches of asbestos in
such a way as to contain as many long fibres as possible (Davis er al., 1986a, and
unpublished data).

The long-fibre amosite dust cloud, at a respirable dose level of 10 mg/m?,
contained 1110 fibres per ml (f/ml) >10 pm in length as seen by the phase-contrast
optical microscope (PCOM) while the short-fibre amosite cioud contained only i2
fibres per ml as long as this. The long-fibre chrysotile cloud contained 193¢ f/ml >1§
um in length while the short-fibre cloud contained 330. This short-fibre chrysotile
cloud had been prepared in the laboratories of the Institute for Research and
Development on Asbestos in Canada by the technique reported by Jolicoeur e? al.
{1981). Originally, when used for producing milligram quantities, this process had
proved capable of separating a chrysotile fraction with no fibres >8 um in length,
Unfortunately, when used to produce more than 1 kg of dust, it was less successful but
the resulting chrysotile preparation is still the shortest that has been used in long-term
inhalation studies.

The levels of pulmonary interstitial fibrosis produced by these amosite and
chrysotile dust clouds and the numbers of pulmonary tumours found in these studies
are shown in Tables 1 and 2. In each case, the long-fibre dust cloud has been
significantly more fibrogenic and more carcinogenic, the short amosite dust, in fact,
producing neither tumours nor detectable fibrosis. These findings indicate that fibres
<5 pmin length may be innocuous in lung tissue, since the level of pulmonary fibrosis
and the tumours produced by the ‘short-fibre’ chrysotile are explicable by the number
of long fibres present.

These findings are of considerable importance in relation to the likely hazard from
asbestos contamination of the non-occupational environment. Where asbestos fibres
are found in the normal urban atmosphere, and especially in buildings containing
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Table 1. Percentage of lung tissue occupied by interstitial fibrosis in rats of
advanced age ireated with long- and shori-fibre samples of amosite and
chrysotile asbestos?

Type of fibre Percentage of lung occupied by interstitial fibrosis?
Amosite Chrysotile

Long 11.0 12.6
(0.4-34.6) {6.4-23.9)

Shert .15 2.4
(0-2.8) 0.3-6.7)

“All rats which survived to within 2 months of the end of their respective studies were included in Lhe
estimates of interstitial fibrosis, They were therefore aged between 30 and 33 months and group
numbers varied between [0 and 23.

“Figures in parentheses are ranges

Table 2. Numbers of pulmonary tumours and pleural mesotheliomas
produced in rats by the inhalation of long- and short-fibre samples of
amaosite and chrysotile?

Type of fibre Puimonary tumeurs and pleural mesotheliomas
Amosite Chrysotile

Long 13 22

Short 0 7

“The number of animals in each group available for examination varied between 40 and 42,

asbestos-based insulation, almost all detectable fibres are <5 um in length (Ontario
Royal Commission, 1984). This means that the common practice of expressing levels
of asbestos contamination as ng/m? of air gives little indication of hazard. What is
needed is information on the number of long fibres present, and fibre counts similar to
those undertaken in routine factory monitoring should be undertaken.

Fibre type and levels of fibre deposition and dissolution in lung tissue are so
interrelated that they must be considered together, The importance of fibre deposition
and dissolution is, in fact, closely related to a major problem in evaluating the
importance of fibre type in disease production. While human epidemiology suggests
that amphibole fibres are the most dangerous, animal experiments have indicated that
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chrysotile can be at least as hazardous; in some studies, chrysotile has even been found
to be more fibrogenic and carcinogenic than either amosite or crocidolite (Bolton er
al., 1982a; Davis ef gl., 1978, Wagner ef ai., 1973, 1974).

Reports of asbestos-related pathology from animal inhalation studies were
particularly surprising when it was found that, following periods of exposure to equal
masses of respirable dust, much more amphibole than chrysotile was always found in
lung tissue (Middleton e al., 1977, Wagner & Skidmore, 1965). Frequently, after 2
one-vear inhalation period, 10 times more amphibole than chrysctile was present in
ratlungs. Timbrell (1973) suggested that these findings were due to the curly nature of
long chrysotile fibres, which made it more difficult for them to penetrate the smallest
bronchial tubes than for the straight amphibole fibres. This suggestion has been
difficult to confirm, but fibre length is certainly an important factor in both
pulmonary deposition and clearance of both chrysotile and the amphiboles. Table 3
shows the amounts of both long- and short-fibre samples of chrysotile and amosite
present inrat lungs at the end of a one-year inhalation period at 2 dose of 10 mg/ m? of
respirable dust and 6 months after the end of dusting,

Table 3. Lung burdens of asbestos in rats treated for 12 menths with a respirable mass
dose of 10 mg/m? of amosite and chrysotile as long- and short-fibre preparations”

Time after Lung asbestos burden (ug)

end of

dusting Long amosite Short amosite Long chrysotile Short chrysotile
{months)

0 3570 5640 350 1020

6 3080 4470 161 109

AThe figures are the means for groups of 4 animals

For both asbestos types, more short-fibre dust is present in lung tissue at the end of
dusting, indicating that long fibres are less likely to penetrate into the lung
parenchyma. During the 6-month period following the end of dusting, however, short
fibres of both chrysotile and amosite are removed from lung tissue faster than long
fibres. While both asbestos types behave in a similar manner in respect to fibre length
in pulmonary deposition and clearance, there are nevertheless very important
quantitative differences between chrysotile and amosite.

As in previously reported studies, much more amosite than chrysotile is present at
the end of dusting with both long- and short-fibre preparations. In these studies,
roughly five times more short-fibre amosite than short-fibre chrysotile was present,
the ratio increasing to 10 for the long-fibre material. Large differences were also found
inclearance rates. While 14% of long-fibre amosite and 20% of short-fibre amosite was
cleared during the six months following the end of dusting, the comparable figures for
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long- and short-fibre chrysotile were 55% and 90%. From these findings it appears that
differences between the lung burdens for similarly sized preparations of chrysotile and
amosite are due mainly to the rapid removal of chrysotile. This process will be taking
place during any prolonged period of dust exposure, most short fibres deposited
during the first six months being cleared during the last six months of a one-year
inhalation pericd.

There is no evidence at present to prove that this very rapid removal of chrysotile
from lung tissues is not due to enhanced mechanical clearance, but it is difficult to
explain why macrophages should preferentially clear chrysotile rather than similarly
sized particles of amphibole, which they can certainly phagocytose with equal ease.
The most likely explanation is that chrysotile undergoes chemical dissolution in lung
tissues. It has been known for many years that chrysotile rapidly loses its magnesium
in water or physiological saline, while the amphiboles show little chemical reactivity at
all (Hodgson, 1986). A factor which may aid this process is the fact that chrysotile
fibres rapidly separate into their individual fibrils in tissues and, after the loss of
magnesium, these extremely fine filaments will be very fragile. In old rats, nearly 2
years after the end of dusting, no chrysotile could be found in macrophages or in
contact with any other type of pulmonary cell (Davis ez al., 1986b). The very small
amount present was in areas of acellular fibrous tissue or in basement membranes
which were often greatly thickened. Both these sites may be backwaters of chemical
activity where fibre dissclution is retarded.

These experimental findings are in agreement with those of many studies on the
lung dust content of asbestos workers at autopsy. Almost all publications in this field
record more amphibole than chrysotile, even though in some cases it is known with
certainty that chrysotile exposure during life was far greater than exposure to
amphibole (Gylseth er al, 1983; Pooley, 19796).

The experimental studies may also offer an explanation for one apparent anomaly
in the human lung dust studies. Le Bouffant es al. (1976) reported that, where
amphibole was found to be the predominant fibre in the lung parenchyma, relatively
more chrysotile was present in the pleura. If the pleural tissues examined in this study
were fibrosed, as was frequently the case in asbestos workers, then chrysotile may have
been retained in this chemically inactive environment while it was removed from the
lung parenchyma. Le Bouffant’s finding may have little relevance to pleural disease,
however, since almost all recorded fibres were very short.

MMMF, such as glass fibre, slag wool and rock wool, which are often used as
asbestos substitutes, have been shown to undergo dissolution in chemical environ-
ments similar in character to lung tissue (Forster, 1984; Kleinholz & Steinkopf, 1984;
Leineweber, 1984), and this probably explains why there is little evidence of
pulmonary disease in workers producing or handling these materials in industry
(Saracci, 1986). Some types of MMMF appear to be very durable in lung tissue,
however, and heavy exposure to these may well represent a hazard to health. Thisisa
matter which should be examined carefully during the development phase of new fibre
materials.
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The last aspect to be considered is that of the migration of fibres throughout the
body, an area where relatively little information is available. Following ashestos
inhalation, fibres are certainly transported to the pulmonary-associated lymph-nodes
in large amounts. As would be expected, short fibres are transported most readily
(Bolton, 1979) but, in rats treated with amphibole asbestos, many fibres >20 pm and
up to 50 pm in length can be seen in the mediastinal and hilar nodes by light
mMicroscopy.

Following the inhalation of asbestos, fibres can be found in small but significant
amounts in many of the organs of the body, which they presumably reach by
lymphatic transport. Table 4 shows the results cbtained from the ashed tissues of a
group of 4 rats treated with crocidolite asbestos in our laboratory. Following a
one-year inhalation period at a dose level of 10 mg/m3, the animals were allowed to
survive for their full lifespan, although the study was terminated at 950 days. Tissues
were ashed in nascent oxygen at low temperature and residues examined by scanning
electron microscopy. Small but notable numbers of fibres were found in most of the
organs examined, although the mediastinal lymph-nodes were an exception since they
were heavily laden with fibres. The relatively large numbers of fibres found in the gut
tissues does not indicate fibre penetration following ingestion. Fibres cleared from the
lung via the bronchial tubes are swallowed, so that after 12 months of dusting all the
rats would have had a low level of asbestos in their gut lumina at all times, While gut
contents were carefully washed away before the tissues were ashed, there was little
hope of eliminating all fibres trapped among the convoluted gut surfaces.

Table 4. Numbers of crocidolite fibres per sample per rat in ashed tissues after
crocidolite inhalation?

Tissue Conversion Animal age (days)
factor?
448 950 950 950
- Liver 5450 10 ND 7 15
Spleen 120 0 6 3 ND
Kidney 170 19 8 9 11
Selected gut 1400 36 17 24 12
Mesenteric lymph-nodes 140 12 16 9 22
Cervical lymph-nodes 150 2 9 0 4
Mediastinal lymph-nodes 50 ++ ++ ++ ++

%A group of 4 rats were treated with crocidolite by inhalation for a one-year period at a dose level of 10
mg/m?. The animals were allowed to survive for their full lifespan, but the study was terminated at 950 days.
bThis allows for the fact that only a fraction of ashed residue of the whole organ was examined by scanning
electron microscopy ata magnification of 10000, e.g., a conversion factor of 5450 means that only 1/ 5450 of
the ash was so examined.

ND, not done.
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Similar studies were undertaken with rats that had ingested asbestos in their diets
for long periods of time; the findings from 13 rats treated with crocidolite are given in
Table 5. The number of fibres found in the tissues examined was far lower than
following dust inhalation, In this study, gut tissues were not examined until at least 2
months after the animals had ceased receiving asbestos in their diet; this accounts for
the lack of figures for gut tissues prior to 924 days. The resultsshownin Tablesdand 3
were previously reported by Belton (1979) and Bolton er ¢f. (1982b) and the studies
covered amosite and chrysotile asbestos as well as crocidolite. The results for amosite
in both studies were very similar to those for crocidolite, aithough fewer chrysotile
fibres were detected in tissues following both inhalation and ingestion.

Table 5. Numbers of crocidolite fibres per sample per rat in ached tissues after
long-term ingestion of crocidolite

Tissue Conversion Animal age (days)
factor?

604 870 871 871 877 924 927 927 933 933 940 940 940

Lungs 351 1 NDPI 0 o 0 0 0 O 2 0 O O
Liver 5200 0 P ¢ o o 0 o 0 O 0 1 NDI
Spleen 120 o o ¢ 0 o0 0o 0 0 0 0 0O NDO
Kidney 176 3 0 0 O 0 0 3 1 0 0 NDS5 0
Gut 1164 NDNDNDNDNDNDO 4 2 0 0 0 2
Mesentery 141 0 i 0 0 NDO 0 0 0 0 1 0 0
Omentum 30 o o 0 0 o 0 o0 ! o 1 S5 0 0
Thoracic 12 640 0 0 NDO NDO NDO O 0 0 0 ND
body wall

Peritoneal 6000 0 0 NDO 0 0O NDO 0 O 0 0 ND
body wall

9This allows for the fact that only a fraction of ashed residue of the whole organ was examined by scanning
electron microscopy at a magnification of 10 000, e.g., a conversion factor of 351 means that only 1/351 of
the ash was examined

bND, not done,

Whether or not the small amounts of asbestos found in tissue residues following
dust ingestion are present as a direct result of penetration of the gut wall or of technical
limitations in the ashing or microscope techniques is still a matter of debate. While
some workers have reported fibre penetration of the gut wall (Cunningham &
Pontefract, 1973; Hallenbeck & Patel-Mandlik, 1979; Storeygard & Brown, 1977),
others have failed to find evidence of this process {Gross et al., 1974). It seems obvious
that, even if penetration occurs, it is a relatively rare event and the tissue content of
‘ingested’ fibres will always be extremely low for all organs.

The area where fibre migration may be the most important is in mesothelioma
production. It is generally assumed that pleural mesotheliomas at least are caused by
fibres which migrate directly through the visceral pleural surface, and small amounts
of fibre have been reported in both mesotheliomas (Le Bouffant er al., 1976) and
pleural plaques (Le Bouffant ef /., 1973). In experimental inhalation studies with
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asbestos, fibres are plentiful in the most peripheral alveoli bordering on the pleura, so
that the distance to be covered in migration to the pleural space is no more than a few
hundred um. In spite of this, however, fibre penetration of the external elastic lamina
of the lung appears to bea rare event. Rats treated with both chrysotile and amphibole
agbestos frequently develop, in advanced age, areas of pleural fibrosis and vesicular
hyperplasia where the spaces in the collagenous fibrous tissues are lined with flattened
mesothelial cells (Figure 1). From their histological pattern, these lssions look as
though they should be mesothelioma precursors, but are present in almost all old rats
treated with asbestos and, in these inhalation studies, mesothelioma production is a
refatively rare event. ‘

Fig. 1. Area of vesicular hyperplasia on the pleural surface of a ral frested with
tremolite asbestos. While the lung tissue contains large amounts of dust, none is visible
in the pleural lesions, H.-E. X 150.

Chrysotile asbestos is difficult to see in normal light microscope preparations, but
a limited amount of examination by transmission electron microscopy of these areas
of vesicular hyperplasia has failed to demonstrate the presence of any chrysotile fibres
at all. The amphibole asbestos types can be seen by light microscepy, and in our
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studies deposits of tremolite and amosite were often seen close to and apparently in
contact with the external elastic lamina of the lung just below arsas of vesicular pleural
hyperplasia {Figure 2). Once again, however, almost no fibre penetration of the pleura
could be demonstrated. It appears likely, therefore, that these pleural lesions may be
caused by inflammatory or growth-stimulating products which diffuse from the
damaged lung parenchyma (Pitt, 1985} rather than by direct contact with asbestos
fibres. This appears particularly likely since, in recent inhalatien studies in which rats
were treated with coal and gquartz mixtures, similar areas of pleural vesicular
hyperplasia were found and, once again, these lesions contained no dust. Both these
particulate dusts did, however, manage to penetrate the pleural surface in quite large
amounts in some areas, where they formed fibrosing granulomas similar to the
multiple ‘silicotic’ nodules found throughout the lung parenchyma (Figure 3). This
pleural penetration appears t¢ be a characteristic of quartz rather than of all
particulate dusts, since inhalation of titanium dioxide by rats does not result in pleural

Fig. 2. Area from the surface of rat lungs treated with tremolite dust as seen by light
microscopy with an oif immersion lens. Qutside the internal elastic lamina of thelung,
which was delineated by Weigert’s elastin stain, is an area of vesicular pleural
hyperplasia. Closely apposed to the inside of the lamina are several deposits of
tremolite fibres. The position of the lamina is indicated by arrows labelled L and the
tremolite deposits by arrows labelled T. X 480.
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Fig. 3. Section of s fibrosing granulomsa on the visceral pleura of a rat Jung treated with
coalmine dust containing 20% guariz. Numerous dust particies are visible within the
pleural granulation tissue (A) as well as in 2 subpleural parenchymal nodule (B). The
position of the internal elastic lamina of the lung is indicated by arrows labelled L.,
H.-E. X 248,

granulomas and quartz is known to be preferentially cleared to lymph-nodes {Vincent
et al., 1987). We have not studied the ability of pure crushed coal without quartz to
penetrate the pleural surface, but coal is not a very reactive dust and would be expected
to behave like titanium dioxide. Consequently, the presence of coal in the rat pleural
granulomas may indicate that it is carried through the pleura by a process initiated and
maintained by the reactive quartz particles. If this is so, then it is possible that guartz
could facilitate the passage of fibrous dusts across the pleural membrane as well.
Mesotheliomas related to crocidolite or amosite seldom occur in more than [0% of
even heavily exposed working populations, and this may be due largely to the
difficulties of pleural penetration. However, one fibrous dust, erionite, appears to
cause mesotheliomas with great facility, either in humans subjected to low environ-
mental doses (Baris ef al., 1979) or inrats treated by inhalation, where 100% of animals
developed these tumours (Wagner er al., 1985). We have examined a sample of the
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Oregon erionite used by Wagner in these studies and found that its general appearance
and fibre size distribution is extremely close to that of UICC crocidolite, which causes
only rare mesotheliomas when inhaled by rats. Erionite, therefore, represents a fibre
where carcinogenicity is not solely related to fibre morphology, and it may be that the
surface chemistry of erionite fibres is such as to stimulate their transport across the
pleural membrane in the manner of quartz. Erionite is an anomaly, but for the
industrially used fibres of crocidolite and amosite there appear to be the following
possibilities: (1) the mesotheliomas that they induce are caused by the extremely small
amounts of dust that are normally transported across the pleura; (2) some individuals,
perhaps because of concomitant non-asbestos-related pulmonary disease, transport
more fibres across the pleura than others; or (3) these individuals have inhaled, in
addition to asbestos, dusts with quartz-like properties of pleural penetration which aid
fibre transport. Certainly, the transport of fibres across the pleural surface remains
one of the areas of fibre-related pathology where future research should be
concentrated.
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RECENT RESULTS OF CARCINOGENICITY
BIOASSAYS OF FIBRES AND OTHER
PARTICULATE MATERIALS

C. Maltoni & F. Minardi

Institute of Oncology, Bologna, taly

Summary. Different types of natural, commercial and modified asbestos fibres
were tested in a highly standardized manner by peritoneal injection into rats and
mice in order to assess their carcinogenicity.

Differences in mesotheliomatogenic effect were found between the various

materials tested. Of particular interest is the finding that treatment of the fibres
with phosphorus oxychloride and heating to 300°C markedly reduces the
carcinogenicity of chrysotile fibres.

Introduction

A systematic and integrated study involving long-term experimental bicassays on
particulate materials was started in January 1981 at the Bologna Institute of Gncology
and is still in progress, The study covers a variety of fibrous and non-fibrous, natural
and man-made materials, present in the occupational and/ or general environment.
Some of the materials studied are of major industrial importance.

The study is aimed at:

identifying new potentially carcinogenic materials;

assessing, in quantitative terms, the level of carcinogenic risk of a given
material, and comparing the risks represented by different materials (assess-
ment of the relative carcimogenic risk};

helping to predict the target organs,

defining the rolein carcinogenesis of the physical and chemical characteristics
of the test compounds.

determining the role of different biological and experimental factors affecting
the neoplastic response and, consequently, shedding some light on the
pathogenesis of the possible oncogenic effects;

helping to reconstruct the natural history of the tumours which may be
induced by the test compounds.

Information on test materials and animals and the experimental procedures is
given in Table 1. In view of the aims of the study, the experimental conditions are
strictly standardized.

— 46—
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Table 1. Test materials, animals, method of treatment and experimental procedure

Test materials

Different types of natural, modified natural and man-made materials including: crocidolite (UI1CC),
chrysotile (Canada, UICC), chrysotile {(Rhodesia, UICC), chrysotile (California), amosite (UICC),
anthophyllite (UICC), commercial chrysotiles (3 samples), modified chrysotiles (4 types), asbestos-cement,
crystailine silica, amorphous silica, alumina, wollastonite, tale (2 samples), kaolin, bentonite, natural
zeolites (13 minerals), man-made zeolites (20 types), rock wool (4 samples), carbon fibres, syntheticfibres (2

types).

Test animals

Groups of 40-100 (20-50 males and 20-50 females), 6-8-weck-old Sprague-Dawley rats. For erionite and
modified chrysotiles, also groups of 40 (20 males and 20 females) §-week-old Swiss mice. A total of 10 760
rats and 900 mice have been tested.

Method of treatment

Intraperitoneal (i.pe.) (for ali materials apart from carbon fibres), intrapleural (i.pl.) and subcutaneous (s.c.)
(for most of the materials) injection, and ingestion (gavage) and intratracheal instiliation (in the case of
detergent 4A zeolite).

Experimental procedure

The animals are kept under observation (body weight and clinical controls) until they die naturally or until 2
years from the beginning of the experiments. All animals undergo complete autopsy and systematic
histopathological examination.

A summary of the experimental work so far completed or in progress is given in
Table 2.

In this paper the most recent results are presented of the bioassays of several types
of natural, commercial and modified asbestos, administered as a single intraperitoneal
(i.pe.) injection, to rats and, in a few instances, to mice.

The modified asbestos consisted of Canadian chrysotile of different fibre lengths
and from different sources, treated with phosphorus oxychloride and heated at 360°C.
This type of treatment was used in order to bring about physicochemical changes
which might reduce the carcinogenicity of the natural material.

In rats, the peritoneum proved to be more responsive than the pleura to the
mesotheliomatogenic effect of asbestos; this is the opposite of what is observed with
erionite (Table 3).

The complete final results of the basic experiments on the effects of the asbestos
materials studied in rats at a single dose of 25 mg, are available. Data on the effects of
some forms of modified asbestos, as single administered doses of 10, 5 or 1 mg, to rats
and mice, and of 25 mg to mice, are preliminary and based solely on gross
examination, since the experiments were started only 76 weeks ago.
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Tabile 2. Summary of experimental work so far completed or in progress

Materials Injection Ingestion and
intratracheal
ipl. 8.C. instillation

__.
E

Crocidolite (UICC)

Chrysotile (Canada, UICC)
Chrysotile (Rhodesia, UICC)
Chrysotile (California)
Amaosite (UICC)
Anthophylite (UICC)
Commercial chrysotiles (3 types)”
Modified chrysotiles (4 types)?
Asbestos-cement

Crystalline silica

Amorphous silica

Alumina

Wollastonite

Talc (2 samples)

Kaolin

Bentonite

Natural zeolites (13 minerals)
Man-made A zeolites (2 types)
Man-made X zeolite
Man-made Z zeolite (17 types)
Rock wool (4 samples)
Carbon fibres?

Synthetic fibres (2 types)
Water (controls)

+ 4+ + + + +

+ 4+ ++F+ 4+

e i T I S
+ 4+ +

+ 4+ 4+

+ +
+ +
+ + +

9Experiments still in progress

bImplantation.

Table 3. Final results of tests on erocidolite, chrysotile (Canada) and sedimentary
erionite?

Material Peritoneal mesotheliomas Pleural mesotheliomas

Tumour-bearing  Average latency Tumour-bearing  Average latency

animals time (weeks) animals time (weeks)
No. % No. %
Crocidolite 39 97.5 59.5 18 45.0 104.8
Chrysotile {Canada) 32 80.0 92.2 2 65.0 i1
Sedimentary erionite 20 50.0 106.1 35 87.5 64.2
Water (controls) 0 - - 0 - -

4Sprague-Dawley rats (20 males and 20 females) were given a single intraperitoneal and intrapleural
injection of the material (25 mg in 1 m! of water) and kept under observation for their full lifespan.
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Maierials and methods

The asbestos materials, obtained from Mount Sinai School of Medicine (New
York, USA) (natural asbestos), Associazione Cemento-Amianto {(Balangero, Italy)
{asbestos-cement) and CERAM-SNA (Canada) (commercial and modified asbestos),
were injected into the peritoneal cavity of 8-week-old Sprague-Dawley rats and Swiss
mice. Groups of 40 animals (20 males and 20 females) were used for each species,
material and dose level.

The animals were examined 3 times daily for general behaviour and were weighed

and examined for gross changes every 2 weeks.
m Inexperiment BT 2101 (Table4), the animals were kept under observation for their
full lifespan. In experiment BT 2106 {Table 3), the animals were kept for up to 104
weeks, at which time the survivors were sacrificed. Experiments BT 2111(Table6) and
BT 2112 (Table 7) will also be terminated at 104 weeks.

Table 4. Final results of tests on various types of natural asbhestos and
asbestos-cement (experiment BT 2102)%

Material Peritoneal mesotheliomas
Tumour-bearing Average latency
animals time (weeks)
No. %

Crocidolite (UICC) 39 97.5 59.5

Chrysotile (Canada, UICC) 32 80.0 92.2

Chrysotile (Rhodesia, UICC) 33 82.5 89.7

Chrysotile (California) 29 72.5 85.3

Amosite (UICC) 36 90.0 66,7

Anthophyllite {UICC) 35 §2.5 73.3

Asbestos-cement 21 52.5 99.7

Water (controls) 0 - -

2Sprague-Dawley rats (20 males and 20 females) were given a single intraperitoneal injection
of the material (25 mg in 1 mg of water) and kept under observation for their full lifespan.

A complete autopsy is performed on all animals, whether dying naturally or
sacrificed. A histopathological examination is carried out on the peritoneum (site of
injection), brain, thymus, lungs, liver, spleen, kidneys, adrenals, stomach, uterus,
gonads, mesenteric, mediastinal and subcutaneous lymph-nodes, and all pathological
organs and tissues,

The strictly standardized experimental conditions and procedures allow quanti-
tative comparisons between different groups in the same experiment and between
different experiments.
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Table 5. Final results of tests on various types of chrysotile and other non-ashestos
fibres {experiment BT 2106)°

Material Treatment Peritoneal mesotheliomas
Code Type Tumour-bearing Average
animals latency time
{weeks)
Mo, %

Chr 1 Paperbestos 5 - 33 82.5 78.3
- 100 M + 209 p?

Chr 2 Paperbestos 5 POCL, + 300°C 17 42.5 88.6
- 100 M + 200 M?

Chr 3 Paperbestos 5 - 17 425 875
-I00M+ 260 M
from asbestos-latex
paperb

Chr 4 Paperbestos 5 POCH, + 300°C 15 375 94.7
-100 M+ 200 M
from asbestos-latex
paper?

Chr 5 Short chrysotile 7 - 29 725 76.4
(by water fractionation
of Paperbestos 5)°

Chr 6 Short chrysotile 7 POC], + 300°C 3 7.5 97.6
(by water fractionation
of Paperbestos S)b

Chr 7 Chrysotile (Canada, - 30 75.0 76.1
UICC)

Chr & Chrysotile (Canada,  PQOCIl; + 300°C 20 50.0 20.0
UICC)

9 Rock-wool fibres - 3 7.5 79.8
10 Kevlar fibres - 0 - -
11 Water (controls) - 0 - -

4Sprague-Dawley rats (20 males and 20 females) were given asingle intraperitoneal injection of one material
(25 mgin 1 ml of water) and kept under observation for 104 weeks.

bSupplied by IRDA.
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Table 6. Gross findings after 76 weeks in tests on various types of chrysotile and other
non-ashestos fibres (experiment BT 2111)4

Material Treatment Dose Peritoneal mesotheliomas
(mg)
Code Type Tumour-bearing  Average
animals latency
—-— time
No. % {weeks)
Chr 5 Short chrysotile 7 - 10 i1 27.5 57.0
{by water fractionation 5 4 10.0 59.7
of Paperbestos 5)° 1 0 - -
Chr 6 Short chrysotile 7 POCL, + 300°C 10 0 - -
(by water fractionation 5 0 - -
of Paperbestos 5)"J 1 0 - -
Chr 7 Chrysotile - 10 14 35.0 61.6
{Canada, UICC) 3 11 27.5 60.3
1 0 - -
Chrg Chrysotile POCL +300°C 10 3 7.5 61.0
(Canada, UICC) 5 i 25 67.0
1 1 2.5 64.0
b4 Fiberfrax - 10 5 12.5 65.2
5 0 - -
0 - -
10 Kevlar fibres - 10 0 . -
5 0 -
1 0 - -
11 Water {controls) - 0 0 - -

“Sprague-Dawley rats (20 males and 20 females) were given a single intraperitoneal injection of the material
(in ! mi of water) and kept under observation for 104 weeks.

bSupplied by IRDA.

The bioassays of experiment BT 2106 (the first on modified asbestos) were
performed in such a way that the nature of the materials tested was disclosed only
when the biological data had already been obtained.
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Table 7. Gross findings after 76 weeks in tests on various {ypes of chrysotile
{experiment BT 21127

Material Treatment Pose Peritoneal mesotheliomas
(mg}
Code Type Tumour-bearing  Average
animals latency
e time
No, % {weeks)
Chr 5 Short chrysotile 7 - 25 6 15.¢ 63.7
(by water fractionation 14 3 7.5 64.7
of Paperbestos 5)° 5 1 2.5 710
1 0 - -
Chr 6 Short chrysotile 7 POCL +300°C 25 ¢ - -
(by water fractionation 1¢ L - -
of Paperbestos 5)” 5 ¢ - -
i 4] - -
Chr 7 Chrysotile - 25 6 150 58.5
(Canada, UICC) 1§ 5 12,5 61.0
5 ¢ - -
| ¢ - -
Chr 8 Chrysotile POCL +300°C 25 3 7.5 T70.06
(Canada, UICC) 1¢ 1 2.5 56.0
5 ¢ - -
| ] - -
El Water (controls) - i L - -

ASwiss mice (20 males and 20 females) were given a single intraperitoneal injection of the
material {in 1 ml of water) and kept under observation for 104 weeks.

b Supplied by IRDA.

Results

The results of the experiments are presented in Tables 4-7.

The bioassays of different natural asbestos fibres and of asbestos-cement, at a dose
of 25 mg, show that the mesotheliomatogenic effect (evaluated on the basis of the
incidence and latency time of tumours) of the materials tested decreases (Table 4) in
the order:

(1) crocidolite;

(2) amosite;

(3) anthophyllite;

(4} chrysotiles;

(5) asbestos-cement.
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The chemical and heat treatment of asbestos fibres, tested at a dose of 25 mg,
markedly reduces the carcinogenicity of ‘short chrysotile 7° and to a lesser extent
‘Paperbestos 5°, while that of ‘UICC Canada chrysotile’ is reduced still less. The
carcinogenic potency of fibres from ‘asbestos-latex-paper’ is lower than that for
‘Paperbestos 5° and seems little affected by the chemical and heat treatment. These
results may be due to the insulating effect of latex (Table 8},

The reduction in carcinogenic potency of ‘short chrysotile 7’ and also of ‘UICC
Canada chrysotile’ seems also to be confirmed at the present stage of the study by the
preliminary incomplete resuits of experiments BT 2111 and BT 2112, in which the
materials are being tested at various doses on rats and mice {Tables 6 and 7).

Conclusions

The data reported here seem to indicate that experimental long-term bioassays
may be used as a tool for quantifying the carcinogenic potency of particulate materials
and, in the present case, specifically of different types of asbestos.

The findings presented may provide the basis for further analytical studies aimed
at clarifying the possible mechanisms of asbestos carcinogenesis. They are also of
technological interest; however, at present, it is difficult to predict their implications
for the asbestos industry and, in general, for the manufacture and use of other fibres.
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PARTICULATE-STATE CARCINOGENESIS:
A SURVEY OF RECENT STUDIES ON THE
MECHANISMS OF ACTION OF FIBRES
M.C. Jsurand

INSERM U.139, CHU Henri Mondor, Créteil, France

Summary. Animal experiments using, in addition to asbestos, erionite and man-
made mineral fibres, have confirmed that fibre dimension is an important factor in
the carcinogenic potency of fibres. However, it seems to be established that it is not
the only parameter of importance and that fibre type and physicochemistry playa
role. In vitro experiments have provided new information on the relationship
between fibre size and effect: long, thin fibres are more effective in inducing the
transformation of certain cell types and in producing injury arising from oxygen
Species.

Different in vitro experiments have tested chromosomal and genetic damage
induced by fibres, especially asbestos. Depending on the cell type, chromosomal
damage and aneuploidy have been observed and interactions with the genomic
material have been demonstrated. Some conflicting data in this area might be
explained by differences in cell type used or in methods used to prepare the asbestos
samples.

At present, a working hypothesis for the mechanisms of carcinogenesis induced
by fibres can be suggested. Mineral or synthetic fibres deposited in the lung are first
processed by macrophages, which eliminate short fibres. The remaining fibres may
be ingested by cells that are potentially transformable, the longest fibres possibly
being phagocytosed preferentially. Ingested fibres may produce DNA damage in
both resting and dividing cells, either by the direct production of oxygen radicals,
by the formation of clastogenic factor or by direct chromosome interactionin cells
in mitosis.

A missegregation of chromosomes can result from interactions between fibres
and the mitotic spindle. Even if these processes take place slowly, they can occur
over a long period of time due to the persistence of the fibres in the tissue. The
carcinogenic potency of a fibre, therefore, will be dependent on its durability, its
dimensions and its physicochemical properties.

Asbestos fibres appear to be pluripotent in inducing chromosome abnor-
malities as well as some responses shared with compounds such as promoters,
Thus, these fibres can be considered as potent complete carcinogens. The potency
of a given fibre in a specific target tissue will be the sum of both its initiating and its
promoting effects.

It seems that new concepts must be formulated to account for the mechanisms
of action of fibres, “Particulate state® carcinogenesis includes the possibility of
multiple hits occurring during the time that the particles remain within the target
tissue and will therefore be time-dependent.
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fntroduction

Numerous studies have been carried out to investigate the mechanisms of action of
either natural or man-made fibres. The data can be found in the literature related to
toxicology, lung pathology, cancer, biophysics, biochemistry and physical chemistry,
showing the wide range of research needed to study the toxicology of these particles.

The historical development of experimental studies can be divided into three parts.
In the mid-1960s, several authors studied the carcinogenic and fibrogenic potency of
asbestos fibres in the lung in animal experiments (Holt er al., 1965; Wagner & Berry,
i969). In vitro, fibre cytotoxicity was determined mainly using several types of
macrophages and red blood cells (Koshi e ¢l., 1968; Pernis ef al., 1966; Schnitzer &
Pundsack, 1970; Selikoff & Churg, 1965). Later, the biclogical effects of ingested
asbestos in animals were studied and in vitro experiments were performed with other
cell types, such as fibroblasts, pleural mesothelial cells and epithelial cells from the
lung or from the gastrointestinal tract (Brown et 4l, 1980; Lee, 1974). From the
beginning, the various authors were concerned with the intrinsic fibre parameters
capable of explaining the cellular reactions (Beck ef o/, 1971, Hayashi, 1974;
Schnitzer, 1974; see Langer, 1983, for review) or with the possible interactions between
asbestos and other factors, such as oils or benzola]pyrene (BP) (Harington & Roe,
1965; Miller et al., 1965).

During the past decade, studies of cellular responses of cultured cells to fibres have
been carried out (Beck & Bignon, 1985; Second International Workshop on the fn
Vitro Effects of Mineral Dusts, 1983; Summary Workshop on Ingested Asbestos,
1983). These studies were carried out to elucidate the mechanisms of cytotoxicity,
fibrogenicity and carcinogenicity of fibres. They have emphasized the role of the fibre
parameters involved in cellular responses {see Langer, 1985, for review) and have
shown that the multiple biclogical effects of fibres depend on their physical structure
and physicochemical properties.

Recently, significant new studies have been reported dealing with the events
required for the neoplastic conversion of normal cells treated with fibres, as well as the
cellular events important in fibrogenesis (e.g., release of inflammatory factors and of
growth factors, cell interactions), This review will focus on new information from
these recent experiments dealing with the mechanisms of action of fibres in inducing
cytotoxicity and carcinogenesis.

In order to understand the mechanism of action of fibres, the following three
questions must be answered. What intrinsic properties of fibres are responsible for
toxicity? Why do these properties act as they do? How do they exert their effects?

In general, the direct effects of fibres on cells have been studied. However, it must
be noted that experiments have shown that intratracheal instillation of amosite into
hamsters resulted in early morphological changes in pleural mesothelial cells in the
absence of direct fibre contact, suggesting a distance effect (Dodson & Ford, 1985).
The significance of these indirect effects remains to be determined.
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Fibre parameters involved in the mechanism of action of fibres

Physicak state

From results reported previously, it is generally accepted that fibre shape and size
are both important parameters in fibre-related carcinogenesis. The effect of size is
extensively discussed in this volume by J.M.G. Davis (p. 33-43), but some data of
interest relating to the presumed mechanisms of carcinogenesis will be reported here.

Animal experiments have recently shown a high incidence of mesotheliomas in rats
{about 100%) following intrapleural inoculation of zeolite (Wagner e7 4l., 1985), thus
confirming previous data obtained after intraperitoneal imjection (Suzuki &
Kohvama, 1984). It is noteworthy that the percentage of thin {(diameter <<0.25 ym} and
long (length >8 um) fibres, suggested by Stanton e al. (1981) as being the most
carcinogenic, was very low in these two animal experiments. According to Stanton ef
al. (1987), a high correlation between carcinogenic potency and size was found with
fibres of length greater than 4 um and diameter up to 1.5 pm. Even when these
parameters were taken into consideration, the percentage of fibres in this size range
remained low with one type of zeolite (about 10%). In addition, non-fibrous zeolite
induced mesothelioma following intrapleural inoculation (5%) or inhalation (~4%)})
(Wagner ef al., 1985).

Extensive studies have also been performed using man-made mineral fibres. A
carcinogenic effect was found with glass microfibres containing a low percentage of
long, thin fibres (Wagner et @, 1984), It is interesting to note that the number of
particles in this sample was one-quarter of that in the chrysotile sample used as a
positive control. In addition, the number of fibres was much lower, since only 56% of
the particles were fibres, as compared with 96% in the chrysotile sample. These
findings make the data difficult to interpret for purposes of comparison of the
carcinogenic potency of the two samples. If account is taken of the effects of a given
amount of fibres of a given size range, glass fibres might therefore be more activeona
per fibre basis than chrysotile fibres by this route of exposure.

On the other hand, Pott ¢ al. (1984) reported that slag wool which contained
significant numbers of long thin fibres (90% of the fibres were of diameter <{0.28 um
and 109 of the fibres of length >10 um) did not produce a significant incidence of
mesotheliomas following intrapleural injection in rats.

Overall, these results seem to indicate that fibre dimension is mnot the only
parameter playing a role in carcinogenesis or that only a very small number of fibres
satisfying certain criteria are required to induce mesothelioma.

Other recent data have confirmed Stanton’s hypothesis as to the higher carcino-
genic potency of long fibres as compared with shorter fibres (Stanton et al., 1977,
1981). Pott et al. (1984) found that JM 100 glass fibres, which are shorter and thicker
than JM 104, induced fewer peritoneal mesotheliomas after intraperitoneal injection
in rats, Davis er al. (1984) showed that a fibrous ceramic aluminium silicate glass
containing relatively few long fibres produced a low rate of mesothelioma. It has also
been reported that an attapulgite sample with a mean fibre length of less than 1 um did
not induce mesothelioma (Jaurand et al., 1987a). However, while there does seem to
be arelationship between fibre dimension and carcinogenicity for a given type of fibre,
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it appears that, for different fibres, the same number within the same size range can
have a different carcinogenic potential. This indicates a role not only for fibre size but
also for other fibre properties. In a recent animal experiment, it was demonstrated in
our laboratory that 3 chrysotile samples of different size did not have the same
carcinogenic potency following intrapleural inoculation in rats (Jaurand er al., 1987a).
A short sample (mean length 1.25 upm) induced 509 fewer mesotheliomas than
another sample with longer fibres {(mean length 3.21 um). When the results obtained
from this experiment and from other experiments previously reported (Monchaux ez
al., 1981) were analysed, the data for chrysotile did not give a good fit with Stanton's
curve of mesothelioma incidence, although, for amphiboles, the data were more or less
consistent with this curve.

The mechanisms whereby ‘long’ fibres are more potent than ‘short’ ones are not
clear, but some hypotheses can be proposed. Stanton ef al. (1977) suggested that the
lower carcinogenic potency of short fibres might be due to their preferential
engulfment by macrophages. Recently, Morgan and Holmes (1984), studying the
clearance of glass fibres in rats, confirmed that fibres of length 5 um are cleared quite
efficiently. In these experiments, the critical length above which clearance was
impaired was >10 ym and <30 um. Hesterberg er al. {1986} reported that Syrian
hamster embryo (SHE) cells im vifro, which can be transformed after fibre treatment,
concentrated the longest fibres. One possible mechanism is therefore the clearing of
short, less active, fibres by macrophages and the ingestion of long, more active, fibres
by other cells (possibly the replicative target cells). This could explain the observation
of a progressive increase in the mean length of fibres retained in the lung tissue, with
both chrysotile (Roggli & Brody, 1984) and crocidolite (Roggli ef al., 1987), as well as
the finding of McFadden et al. (1986) that cigarette smokingincreases the retention of
short fibres, presumably as a result of damage to macrophage-mediated asbestos
clearance.

The higher potency of long as compared with short fibres may be related to the
physical or physicochemical properties of the fibres. Hesterberg er al. (1986)
demonstrated that long glass fibres induced more transformants in SHE cell cultures
than short ones, possibly due to the physical impairment of chromosome segregation,
as will be discussed later. Mossman ef al. (1986) observed that long fibres produced
oxygen species in hamster epithelial cells, presumably by means of a cell-derived
mechanism or one invelving the physicochemical state of the fibres (Zalma ef al.,
1987), while short fibres did not.

These new experiments confirm previous results indicating that, while the
carcinogenic potency of fibres is size-dependent, other parameters such as their
chemistry and physical chemistry, may also be of importance. Theimportant new data
will be discussed below.

New experiments have also been designed to study the in vitro effects of fibres of
differing size on cultured cells. Brown ef al. (1986) have compared the activities of 13
carcinogenic fibrous samples, using A549 cells and V79/4 cells to assess cytotoxicity.
They found a relationship between fibre length or diameter and cytotoxicity.
Hesterberg and Barrett {1984) have demonstrated that long fibres were more cytotoxic
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and more transforming for SHE cells than short fibres. In the same way, thin fibres
were more potent than coarse fibres, on a per weight basis, when the same end-peints
were studied. The resulis of these in vitro experiments are, therefore, in agreement
with those obtained in vivo,

Physical chemistry

Several epidemiological studies have suggested that amphiboles are more carcino-
genic in humans than chrysotile (Acheson e7 «f., 1982). One important parameter
which can partly explain the differences in the human carcinogenic potency of
chrysotile versus amphiboles is their durability in lung tissue. Using intratracheal
instillations in hamsters, Kimizuka e 4l. (1987) confirmed previous data on the higher
stability of amphiboles as compared with chrysotile. This does not necessarily imply
that chrysotile has a lower carcinogenic risk than amphiboles, since the fibres may
exert their effect in the early stages of carcinogenesis. In experiments with several types
of man-made mineral fibres, it was confirmed that the durability of the fibres differed
substantially, depending on the nature of the fibre. In several experiments, the effects
of glass fibres, slag wool, and rock wool were compared (WHQG/IARC, 1984).
Slag-wool fibres were much more sensitive than the other fibres to chemical
degradation in the presence of biological fluids. Pott ez @l (1984} reported that
chemically treated glass fibres gave a reduced incidence of mesothelioma. In these
experiments, the authors studied the durability of different fibre types for over 4 years
after intraperitoneal injection in rabbits. Glass fibres were relatively stable, while slag
wool showed visible corrosion; it was therefore concluded that slag wool collapsed
fairly quickly. This fact may be important in explaining the failure of these fibres to
induce mesothelioma,

Morgan and Holmes (1984) studied the durability of glass fibres inrat lungs. They
reported that the dissolution rate depended on the fibre size. Within months, long
glass fibres (60 um) exhibited a reduction in their diameter, while short fibres (5 um
and 10 um) were only slightly solubilized. Not all the fibre types had the same
solubility;, thus rock wool was not solubilized. Fibre size modification was also
reported by Wagner e al. (1984), who found that the diameter of a glass wool sample
was reduced in rat lungs. Itis assumed that, for a given fibre type, the fibre dimensions
play animportant rolein carcinogenesis, but it should be noted that this parameter can
change with time, depending on the physicochemical properties determining the
stability of that type.

If it is accepted that the size, chemistry, and surface state of a fibre affect its
carcinogenicity, the question arises as to how these parameters are involved. Data
related to the cellular effects of fibres relevant to carcinogenesis provide some
information on this matter.

Genotoxicity of fibres in vitro

Until recently, it was believed that, as shown by bacterial assays, asbestos fibres
were not mutagenic (Chamberlain & Tarmy, 1977). Chromosome damage was
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reported with some cell types but not with others, and the genotoxicity of asbestos
fibres was a subject of controversy, Further studies have now been carried out using in
vitro cell cultures and human biological samples. Recent data on the chromosome
analysis of human mesothelial cells from tumours have indicated that some
chromosome changes may be non-random {Gibas ef al., 1986). Popescu et al. (1987)
reported changes involving chromosome 3 (non-random deletion) in 7 out of 9 cases of
human mesothelioma, some of them being asbestos-related. The genotoxicity of
minera] fibres is therefore of particular interest.

Numerical chromosome changes induced by fibres

Microtubule polymerization and condensation are responsible for the orderly
segregation of chromosomes between daughter cells. Interference with cytoskeletal
components injures the dividing cell and may produce aneuploidy. The normal equal
distribution of chromosomes is the result of several events, including microtubule
elongation from two centrosomes (Mazia, 1984), chromosome attachment to
microtubules (Nicklas et @l., 1982), and orderly arrangement of the kinetochore
microtubules. The presence of mineral or synthetic fibres within a mitotic cell might
impair the normal operation of cell division, resulting in aneuploidy.

Recently, Hesterberg and Barrett (1985) reported that asbestos fibres induced
anaphase abnormalities in crocidolite-treated Syrian hamster embryo cells. Oshimura
et al. (1984, 1986) also observed that asbestos induced chromosomal changes,
including aneuploidy and polyploidy, in Syrian hamster embryo celis. A non-random
numerical change was observed in 6 out of 8 asbestos~induced immortal cell lines at the
carliest passage examined. This chromosome change may be of importance in
asbestos-related cell transformation (Oshimura ef al., 1986).

The induction of aneuploidy and polyploidy was reported several years ago
(Lavappa et al., 1975; Sincock er al., 1982; Sincock & Seabright, 1975) with Chinese
hamster cells, Similar results have been recently observed with rat pleural mesothelial
cells (Jaurand et al., 1983a, 1986a), human mesothelial cells (Lerchner et al., 1985} and
rat tracheal epithelial cells (Hesterberg et al., 1987) treated with asbestos, as well asin
CHO cells treated with crocidolite or erionite (Kelsey et a/., 1986) and Chinese hamster
cells exposed to erionite or to asbestos (Palekar er al., 1987). In contrast, with
bronchial human epithelial cells, there was no significant induction of numerical
chromosome changes by asbestos (Kodama et al., 1987).

The mechanism whereby asbestos fibres induce these chromosome changes may be
related to the particle shape, size and to some physicochemical properties of asbestos,
such as its adsorption potency, The presence of a fibrous solid structure in the dividing
cell may interfere with the movement of the chromosomes and induce aneuploidy as
well as polyploidy. In addition, asbestos fibres, especially chrysotile, are capable of
adsorbing a number of proteins (Jaurand et al., 1983a; Morgan, 1974), as wellas DNA
(Touray er al., 1987), and this fact may help to explain the interactions with
microtubules or chromosomes. The ability of asbestos fibres to adsorb membranes
may also be of importance since the mitotic apparatus contains a mass of membranes
(Mazia, 1984). Direct interaction between chromosomes from rat pleural mesothelial
cells and asbestos fibres has recently been reported (Wang ez a/., 1987); chromosome
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damage was more frequently observed with chrysotile than with crocidolite, in
agreement with the respective adsorption capacity of these fibres.

It should be noted that, in experimenis on the induction of numerical chromosome
changes in which chrysotile was compared with amphiboles, the effects of chrysotile
were always greater than those of amphiboles on a per weight basis. This may be
related to the different numbers of fibres in the samples, but could also be related to the
different numbers of fibres ingested by the cells, as recently reported by Hesterberg ef
al. (1987) with rat tracheal epithelial cells; more intracellular chrysotile fibres were
found than crocidolite fibres.

Together with shape and physicochemical properties, fibre size may also be
important from the point of view of effects on chromosomes. It is conceivable that a
long fibre will have a higher probability of interacting with the chromosomes or with
components of the spindle apparatus than a short one. It is therefore of interest that
Hesterberg ef al. (1986) have shown that the mean length of glass fibres ingested by
SHE cells was higher than that of the original sample, indicating a preferential
phagocytosis of the longest fibres. It should also be noted that the aneuploidy-
inducing capacity was substantially higher for a sample of long fibres than for shorter
fibres when equal numbers of intracellular fibres per cell were present.

Clastogenic effects of fibres

The clastogenic effect of asbestos fibres has previously been reported using
different cell types, including CHO (Babu et o/, 1980; Sincock et al., 1982; Sincock &
Seabright, 1975), human lymphocyte cells (Valerio ef @/, 1983) and Syrian hamster
embryo cells, where the incidence of chromosomal aberrations was low (Lavappa er
al., 1975), The structural changes consisied of chromosome as well as chromatid
damage, including breaks and fragments.

Recent studies have confirmed the clastogenicity of asbestos in CHO cells (Kelsey
et al., 1986) and lung hamster cells (Palekar ef al., 1987); in addition, erionite was also
found to be clastogenic. Chrysotile fibres were also clastogenic for rat pleural
mesothelial cells {Jaurand ez a/., 1986a). Weak clastogenicity was reported in SHE
cells treated with chrysotile (Oshimura et al., 1984) and in human bronchial epithelial
cells, but neither crocidolite nor fibreglass significantly enhanced the incidence of
chromosome aberrations in SHE cells. No clastogenic effect was observed by Hei ez al.
{1985) in C3H 10T cells treated with amphiboles.

The differences observed may be due to the cell type as well as to the fibre sample
used in these experiments. Sincock ez al. (1982) found that primary human fibroblasts
or human lymphoblastoid lines, in contrast to Chinese hamster ovary cells, failed to
show chromosome aberrations and polyploidy following treatment with asbestos or
glass fibres. These authors thought that this might be due both to a greater proficiency
of excision repair following DNA damage of human cells, and to a difference in the
relative uptake of fibres by the cells. It is well known that, at least in experimental
animals, different samples of chrysotile do not have the same carcinogenic potency
(Jaurand er al., 1987a, Wagner et al., 1973). In addition, unpublished data have shown



Particulate-state carcinogenesis mechanisms 61

that different batches of a given sample of chrysotile may have different surface
properties (H. Pezerat, personal communication).

The mechanism whereby fibres induce chromoscme damage is not clear. Several
categories of chemicals, for example, alkylating or cross-linking agents, are known to
interact directly with DNA. Radiation can also damage DNA by producing oxygen-
derived radicals. In vitro, asbestos fibres induce the formation of hydroxyl radicals
(Weitzman & Graceffa, 1984; Zalma er al., 1987). Such radicals might arise from
cxygen reduction at the electron donor site on the surface of asbestos (Bonneau et al,,
1986). Zalma et al. (1987) reported that the number of hydroxyl radicals formed by
amphiboles is strongly dependent on the treatment undergone by the fibres, and fresh
but moderate grinding of amphiboles strongly enhanced OH' production, possibly
due to the uncovering of new reactive sites. Thelevel of OH' production by Canadian
chrysotile was estimated to be 104 per fibre for an average size of 5 um X 0.1 um.

Using another in vitro system, Kasai and Nishimura (1984) reported DNA damage
by asbestos in the presence of hydrogen peroxide. The authors observed a hydroxy-
lation of the C-8 position of guanine residues in calf thymus DNA, Itis very likely that
this occurs via a reaction involving the OH' radical.

The significance of these in vitro cell-free experiments or their relationship to the
effects observed in cultured cells or in vive is difficult to establish. DNA may possibly
be damaged via oxy-radical formation or by direct interaction between DNA and
asbestos. However, it is not clear how OH' produced at the fibre surface reaches the
DNA molecule; in addition, culture media and biological fluids contain proteins and
molecules which can be adsorbed and cover the fibre surface, thus ‘poisoning’ the
fibres’ reactive site for radical formation as well as for DNA adsorption. Nevertheless,
it has been found that the 0.22 um filtered culture medium of chrysotile-treated rat
pleural mesothelial cells contains clastogenic factor(s) for human lymphocytes
(Jaurand et al., 1987b). A possible effect of any short fibres remaining was excluded by
using controls, Since the formation of clastogenic factor(s) has been related to the
production of oxy-radicals in certain diseases {Emerit et a/., 1980), such radicals may
beinvolved in the formation of clastogenic factors by mesothelial cells. This is the first
report on asbestos-induced chromosome damage possibly mediated by radical
derivatives. Recent studies have reported the production of oxy-radicals by asbestos-
treated cultured cells, namely macrophages (Goodglick & Kane, 1986; Hansen &
Mossman, 1987) and hamster tracheal epithelial cells (Mossman et a/., 1986). In these
experiments, the use of scavengers of oxygen metabolites prevented cytotoxicity,
suggesting a relationship between oxy-radical formation and cell injury.

Induction of gene mutation

In Chinese hamster cells treated with crocidolite, Huang et al. (1978) observed a
statistically significant increase in the frequency of mutation at the hypoxanthine-
guanine phosphoribosyl transferase locus (HGPRT) with median doses but not with
tow or higher ones. In later studies, Huang (1979) reported a weak mutagenic effect;
the significance of the induced mutation depended on the statistical test used to
evaluate the data.
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Recently, no mutation was reported at the same lecus in CHQ cells by Kenne ef al.
{1986}, who concluded that crocidolite was not mutagenic in these cells (the mutagenic
frequency was nevertheless 400% of the control rate with an intermediate dose of 500
ug per dish). Using SHE cells, Oshimura ¢r al. {1984) reported no mutagenic
enhancement at either the HGPRT or the cuabain locus with chrysotile or crocidolite
at doses which induce cell transformation. Erionite and crocidolite were not
mutagenic in a lymphoblastoid cell line (Kelsey ef al., 1986).

The mutagenesis of Escherichia coli has recently been studied again, using an
alkali-rich analogue of tremolite {Cleveland, 1984). It was found that a significantly
higher frequency of mutant colonies appeared following treatment with fibres, This
enhancement was much higher in the presence of added 8-9 rat liver homogenate; the
mutagenic potency was tentatively attributed to impurities in the asbestos sample.
Since the sample used in this experiment was ground by hand, one possible
explanation could be the opening up of fresh sites for the reduction of oxygen, as
discussed above,

Rita and Reddy (1986) recently showed that chrysotile did not induce abnormali-
ties in germ cells after oral administration in mice. In this specific case it is possible that
the distance of the fibres from the target DNA exceeded the critical distance.

Induction of sister chromatid exchanges

Mutagenic compounds have also been reported to induce sister chromatid
exchange (SCE). Perry and Evans (1975), in an extensive study, found that 12 out of 14
mutagens tested increased SCE levels in CHO cells. Using the same cell type, Garrano
et al. (1978) reported a relationship between mutation at the HGPRT locus and SCE,
This relationship was not constant and some compounds were highly mutagenic but
poor inducers of SCE, while the opposite was observed with other compounds. Other
studies have shown that many mutagens, clastogens, or carcinogens can induce SCE
(Hollstein et al., 1979). Recent data on SCE induction by fibres concern rat pleural
mesothelial cells treated with crocidolite or with attapulgite (Achard et al., 1987),
Crocidolite induced a significant enhancement of SCE but attapulgite failed to induce
any. However, the level of SCE increase was much lower than that observed with BP.
Kelsey et al. (1986) reported that erionite at multiple doses induced SCE in CHO cells;
crocidolite produced a significant increase in only one experiment at one experimental
dose. Conflicting data have been previously reported with asbestos fibres, since Casey
(1983) and Price-Jones ez al. (1980) did not find SCE enhancement with CHO-K cells,
human fibroblasts, human lymphoblastoid cells or Chinese hamster lung cells (V79-4).
In contrast, Livingston et al. (1980) reported an increase in SCE following treatment
of CHO cells with crocidolite.

Induction of DNA damage

DNA damage can be detected by using methods for assessing DN A repair in which
DNA double- or single-strand breaks are measured. Previous reports of studies on
several cell types (epithelial and mesothelial cells and fibroblasts) failed to show any
strand breaks after treatment with asbestos (Harris et al., 1985; Mossman ef al., 1983).
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Another method of measuring DNA repair is by means of unscheduled DNA
synthesis (UDS). Poole ¢f al. (1983) reported that erionite fibres enhanced UDS in
C3H 10T% and AS549 cells. Using primary cultures of hepatocytes, Denizeau ef all
(1985a,b) reported that Canadian chrysotile and xonotlite {a fibrous calcium silicate
used as an asbestos substitute} failed to elicit UDS. In addition, chrysotile did not
interfere with the genotoxic effect of dimethylnitrosamine or 2-acetylaminofluorene,
Using rat pleural mesothelial cells, our group reported that UDS was enhanced in
Go/ G, arrested cells (Jaurand er ai., 1986b and unpublished data). DNA repairisa
valuable end-point for the evaluation of chemical genotoxicity but has not been
validated with solid compounds. Further investigations are necessary to explain these
findings. Nevertheless, it should be noted that the mechanism of UDS stimulation
starts with the enzyme recognition of DNA damage which might result in a
conformational change. Specific endonucleases have been found in E. coli but have
not yet been characterized in eukaryotic cells (Friedberg, 1985). Strand breaks by OH’
or ¢clastogenic factor, but also the affinity of the fibre for DN A or for certain proteins,
may play a role in relation to DNA alteration.

The data on UDS seem conflicting; the differences do not seemrelated to guestions
of techniques since two methods of assaying UDS, namely, liquid scintillation and
autoradiography, have been used in these experiments, Both cell types (hepatocytes
and mesothelial celis) are able to ingest chrysotile fibres, as reported elsewhere (Fleury
et al., 1983; Jaurand ef al., 1979). However, the quantity of fibres ingested is not
known, the events involved in phagocytosis may be different in the different cell types,
and it remains to be determined whether DNA damage by mineral fibres results from
early, intermediate or late phagocytosis or is caused by other unrelated events, I, for
example, plasma-membrane-fibre interactions are involved (e.g., via lipid peroxi-
dation} it is conceivable that different cell types have different responses. In addition,
as discussed previously in connection with the clastogenicity of fibres, different cell
types differ in their ability to repair DNA. Hepatocytes are good indicators of
chemically induced DINA repair, but it is not known whether fibre-induced repair is
similar.

Concluding remarks on the genotoxicity of fibres

Overall, the results reported on the genotoxicity of fibres, especially asbestos, are
conflicting and make it difficult to reach a clear conclusionas to the ability of asbestos
to induce genetic damage. The reasons for these differences are unknown, However, it
should be noted that the experiments reported have been carried out with cells
originating from different species and tissues; the authors used a number of protocols,
several different types of particles, and different methods to prepare the samples. In
addition, it is known that mutations at the HGPRT or ouabain loci are induced only
by point mutations or chromosome deletions. Other types of geneticevents involved in
carcinogenesis (e.g., aneuploidy and chromosome rearrangements) may not be
detected by this method.

It is nevertheless clear that asbestos has a significant clastogenic effect on some
cultured cells but that this is small when compared with that of other mutagenic or
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carcinogenic chemicals. Another effect of asbestos is the induction of aneupioidy in
certain cell types; this may be an important step in the early stages of carcinogenesis. It
should also be noted that in several studies the dose-effect relationship was found to be
biphasic. No enhancement was found at low congentrations; it became significant only
when the fibre concentration was increased. At higher concentrations, no effect was
observed, possibly because of cytotoxicity. This fact makes it difficult to reach any
definite conclusion. The mechanism whereby asbestos is cytotoxic to cultured cells is
not necessarily related to genetic damage. A recent study by Hesterberg ef al. (1987)
showed that nuclear damage and mitotic arrest were not related to cell lysis in rat
tracheal epithelial cells. Other phenomena must be of greater importance, e.g.,
interaction with cell components or oxy-radicals in some cell types.

Transformation of cultured cells by fibres in vitro

The transformation of SHE cells by either asbestos fibres or glass fibres has
recently been reported (Hesterberg et al., 1986; Hesterberg & Barrett, 1984). In these
papers, the importance of fibre dimension was demonstrated, the highest carcinogenic
potency being associated with the longest fibres. The problem of comparisons between
the effects of different fibres was discussed by the authors, Such comparisons may be
made either on a per weight or a per fibre basis, but may give different results because
the number of fibres per unit weight differs from one sample to another. It is
nevertheless true that long fibres were more effective than the short fibres (milled long
fibres) used in these experiments in inducing transformation. In addition, this
difference was not related to differences in the number of fibres ingested, since this was
slightly higher in the case of the short fibres (Hesterberg et al., [986). Fibre size affects
interpretation of the data in a different way when diameter is taken into consideration,
as extensively discussed by Hesterberg er al. (1986). These authors showed that the
transformation induced by thin fibres was greater than that induced by thick fibres on
a per weight basis, However, on a per fibre basis, the opposite was true: thick fibres
were more effective than thin fibres. These results are in agreement with the previous
findings on the cytotoxicity of thick fibres versus thin fibres reported by Brown et al.
(1979}.

The transformation potency of fibres depends on the cell type used, since Brown ef
al. did not observe transformation of C3H 10T cells following asbestos applicaticn
while Patérour ef al. (1985) reported the transformation of rat pleural mesothelial cells
and Hesterberg and Barrett (1984) the transformation of SHE cells. These results
indicate that some fibres can act as a complete carcinogen in some cell types; however,
it is not known whether some secondary factors involved in the progression of
transformation are necessary to allow the expression of the transformed phenotype or
if it is due solely to the effect of the particles.

Interestingly, Hei er al. (1984), in a study on C3H 10T transformation, reported
that amphiboles, which were not by themselves inducers of cell transformation,
significantly enhanced transformation when the celis were treated first with asbestos
and subsequently with X-rays. In contrast, when the cells were exposed to X-rays
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before treatment with ashestos, there was no enhancement of the transformation as
observed with 12-O-tetradecanoylphorbol 13-acetate (TPA) in other systems.

Molecular events reported after asbestos treatment

Few data have been reported concerning the molecular effects of fibres. To my
knowledge, the first report concerned the oncogene expression of rat pleural
mesothelial cells treated with BP and chrysotile in a two-stage model (Paterour ez al.,
1985; Tobaly et al., 1985). DN A analysis showed similar £coRI patterns of the treated
cells, but significant variations in the relative intensities of the bands were found for
the c-myc oncogene. One interesting point was a selective decrease by a factor of 10in
the c-mye RNA of the cells treated with BP and chrysotile when compared with that
found with each component in isolation.

Dubes and Mack {1988) have tested the ability of asbestos to mediate transfection
by viral RNA; they found that several samples of asbestos did so and that transfection
was more effective when the asbestos was mixed with viral RNA rather than added
separately. These findings may be associated with the sorptive properties of asbestos
with regard to DNA reported elsewhere (Touray et al., 1987). It is likely that RNA can
also be adsorbed on asbestos, thereby facilitating RNA penetration within the cell.
However, this assumption remains to be confirmed.

Conclusions

The multistage nature of chemical carcinogenesis has been demonstrated and it
must be now determined in which steps particulate carcinogens are involved. Asbestos
fibres cannot be regarded as a pure promoter according to the definition of Blumberg
et al. (1983) recently reviewed by Shubik (1986). From the recent data obtained in vitro
as well as in experimental animals, it seems that fibres such as asbestos act as complete
carcinogens. The concept of tumour promotion has been developed from experi-
mental studies with mouse skin using chemicals as initiators and phorbol esters as
promoters (Berenblum & Shubik, 1947). The promoters used were not highly
carcinogenic by themselves and the initiators were carcinogens used at non-
carcinogenic doses. This two-stage model, later converted into a multistage one
(Slaga, 1983), has been applied in vitro using TPA as promoter (Lasne et al., 1974;
Mondal et al., 1976). Except in one study (Paterour er al., 1985), asbestos has not been
used in vitro as a promoter and no promoting activity has been found. Moreover,
when asbestos was applied after radiation no transformation of C3H cells was
observed, in contrast to what occurred when it was applied before. However, as
demonstrated by Mossman (1983) and Mossman et al. (1985), asbestos fibres do have
some effects similar to those of classical promoters.

Several studies have shown a synergism between asbestos and a chemical
carcinogen (Brown ef al., 1983; DiPaolo et al., 1983). However, Paterour e! al. {1985)
did not find any synergism between BP and chrysotile; there was even inhibition of
growth in soft agar and tumorigenesis when BP-treated cells were further treated with
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chrysotile. The ingestion by cells of BP-coated fibres results in an enhancement of BP
uptake and metabolism by tracheal explants from hamsters {(Mossman es af,, 1985).
The differences beiween the resulis of the various experiments may be due to
differences in their design. When BP is coated on to asbestos, the latter may increase
the local concentration of BP by its carriage of BP molecules.

The studies reported above were performed because of sarlier reports on the
enhancement of the risk of lung cancer in insulation workers {Hammond e al., 1979),
where the combined risk (smoking + asbestos exposure} was multiplicative when
compared to that of unexposed non-smokers. However, this does not seem true for
workers exposed to lower doses, where the risk was increased in non-smokers to a
greater extent than in smokers (Berry er al., 1985; [ARC, 1986). According to these
authors, the lung cancer risk was higher for those who had never smoked, but this has
not been confirmed. These studies also confirmed that no association exists between
mesothelioma formation and smoking; this may be because carcinogenic compounds
from tobacco smoke do not reach the pleura and does not imply a specific effect at the
pleural level.

With regard to the use of BP to assess the synergistic effect between chemical
carcinogens and asbestos, it should be noted that, after intratracheal injection of
chrysotile plus BP in hamsters, Miller et 2/. (1965) found an increase in the number of
tumours induced as compared with those induced by any compound alone but there
was no such increase with amosite, BP is not the only component of tobacco smoke;
other compounds in such smoke are highly carcinogenic and many promoters are
present (Feron ef /., 1985). The number of mutagenic events produced by tobacco
smoke condensate in the Ames or SCE tests is ruch greater than that predicted on the
basis of the amount of BP contained in the sample (Evans, 1981). Compounds such as
catechols and nicotine-derived nitrosamines are powerful carcinogens (Hoffman er
al., 1985). Interestingly, these latter authors report that amosite or chrysotile sprayed
with nicotine and subsequently exposed to either nitrogen dioxide or cigarette smoke
accelerated nitrosamine formation but that the amounts formed were greater with
chrysotile than with amosite. This emphasizes once again the role of the physical
chemistry of the fibres. However, in one experiment, Denizeau e g/, (1985b) did not
find any enhancement by chrysotile of nitrosamine genotoxicity in hepatocytes.

It seems that new concepts will have to be developed to account for the
carcinogenicity of mineral dusts and other particulate matter. Until now, the models
and mechanisms proposed were based on concepts arising from the study of chemical
carcinogens or radiation. When compared to other carcinogenic substances, one
remarkable feature of fibres is their persistence in the tissues for a long time after
inhalation. Even if the damage caused by a chemical is long lasting, the molecule itself
will disappear as a result of metabolism or of other processes. In contrast, fibres may
be considered as a pluripotent carcinogen, due both to their pleiotropic effects and to
their ability to exert effects for along period of time. The effect of time must therefore
be taken into consideration for such resident carcinogens, and specifically for
‘particulate state’ carcinogens. Even a substance of low carcinogenic potency may be
able to induce detectable rates of cancer after long exposure. In addition, unstable
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particles such as chrysotile or certain glass fibres may have a reduced in vivo effect
when compared with stable particles, depending on their characteristics and rate of
dissolution.

From the early studies beginning with animal experiments and investigations of
cell cytotoxicity, research on the carcinogenicity of fibres has moved towards the
determination of the cellular events involved in fibre-induced cell transformation. It
now appears that studies should focus on the molecular level. These approaches are of
greatinterest in understanding the mechanisms of carcinogenesis related to fibres and
will allow comparison with chemically induced or spontaneous neoplastic transfor-
mation.

Further experiments are necessary to establish the mechanisms of carcinogenesis.
At present, it may be suggested that fibres are carcinogenic by virtue of their size and
physicochemical state, inducing genetic damage by their physical presence, by the
adsorption of other molecules or by radical production. The persistence of the fibres
may allow multiple hits with time, resulting in neoplastic progression.

While it is evident that cellular studies are of fundamental importance in
explaining these mechanisms, it must be noted that investigations on the fibre
properties involved in these processes are needed. Only both types of studies will allow
us to understand the relevant properties of new fibres or particulates in industrial or
commercial use.

In vitro experiments may make it possible to determine the relative potential of
fibres as well as the absolute potential of a given fibre type with regard to toxicityand
to understand its mechanism of action. However, that may be different from the
‘effective’ potential in vivo, which depends on both the intrinsic fibre properties and
the host environment {clearance, retention, biological attack, etc.).
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MODIFICATION OF FIBROUS OREGON ERIONITE
AND ITS EFFECTS ON /N VITRO ACTIVITY
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Summary. A sample of erionite, a fibrous reclite, was modified by milling to -
reduce the number and length of the fibres and by extraction with cyclohexane. The
in vitro activities of this mineral were found to depend on the presence of long
fibres. Theerionite contained fewer of these fibres than the UICC asbestos samples
but, unlike these materials, erionite can cause the transformation of C3H 10T%
cells. Frionite did not increase the activities of benzo[alpyrens in this cell
transformation assay. The cytotoxic aciivities of both asbestos and erionite havea
similar dependence on the number of long fibres. Extraction with cyclohexane did
not affect the activity of erionite, '

Introduciion

Endemic mesothelioma in several Turkish villages has been attributed to the
inhalation of zeolite fibres (Baris e a/., 1981). The fibrous zeolite mineral erionite has
been tested for carcinogenicity and found to cause mesotheliomata in mice (Suzuki,
1982; Suzuki er af., 1980) and in rats (Maltoni et al., 1982). In rats, these tumours
occurred at much higher rates than those caused by any other fibrous dust yet
examined (Wagner ef al., 1985) despite the fact that erionite contains fibres of size
similar to those in the UICC sample of crocidolite,

It has been reported that the in vitro cytotoxicity of erionite was of the same order
as that of crocidolite, that this was related to the number of long fibres, and that there
were no differences in the inherent activity of these fibres (Brown es al., 1980).
However, erionite has a number of genotoxic activities not found in other fibrous
materials (Poole et al., 1983, 1986). It was therefore decided to modify fibrous erionite
in a number of ways and to determine the effect that this had on these in vitro activities,

Materials and methods

Preparation of erionite samples

A sample of erionite from Rome, Oregon, USA, was obtained and a respirable
sample prepared as described previously (Poole er af., 1983).

Since, in this previous study, it was suggested that the oncogenicactivity of erionite
was the result of contamination of the fibre by hydrocarbons or other carcinogens, a
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sample of this dust was extracted in a soxhlet with cyclohexane and then dried in
vacuo. Qbservation under the electron microscope showed that this treatment did not
affect the size distribution or fibre content of this dust.

Two samples of the fibre were milled to obtain a non-fibrous product. One was
reduced to this state in a stainless steel disk mill and the other was ground in an agate
planetary ball mill.

Tissue culture materials

Culture media and fetal calf-serum were obtained from Flow Laboratories, Irvine,
Scotland. Benzo[a]pyrene (BP) was obtained from Sigma Chemical Co., Poole,
England.

In vitro toxicity

Toxicity studies were carried out on V79-4 cells using the methods previously
described (Chamberlain & Brown, 1978). The survival of C3H 10T% cells was
estimated by measuring the total protein in cultures treated in parallel with those used
in the transformation experiments; survival was estimated after 7-10 days.

Cell transformation assay

C3H 10T celis derived from mouse embryo fibroblasts (Reznikoff ef al., 1973a)
were used between passages 10 and 12. These cells were cultured in Dulbecco’
modification of Eagle’s minimum essential medium {(DMEM), with a concentration of
bicarbonate of 3.6 g/1. To permit equilibration with a gas phase of 8% CO, in air, the
medium was supplemented with heat-inactivated fetal calf serum (10% v/v), and
penicillin/ streptomycin (200 units/ 50 ug/ml) was added. Samples of cells (5§ ml, 200
cells per ml) from subconfluent cultures were distributed among 25-cm? tissue-culture
flasks (Falcon), which were incubated overnight at 37°C with caps screwed on lightly
to allow for equilibration of the gas phase. The cultures were treated, 24 h after plating,
with suspensions of erionite (autoclaved dry, suspended in DMEM and sonicated just
prior to addition). As a positive control, BP was dissolved in acetone and added to the
cultures {final concentration of acetone <0.5%). Where mixtures of the 2 agents were
used, these were added at the same time,

The cultures were left for 48 h at 37°C, after which time a medium change was
made. The medium was then changed twice weekly until the cells reached confluence;
thereafter, the concentration of serum was reduced to 5% and medium changes made
weekly. After 6 weeks, the cultures were fixed in buffered formalin (10%), stained in
methylene blue (1%}, and scored for type 2 and 3 transformed foci, using the criteria
described in Reznikoff et al. (1973b).

Results

Size distribution and cytotoxicity
Electron microscopic examination of dispersed samples of the dust showed that
less than 10% of fibres in the intact sample were more than Sum long and that this
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sample contained a total of 3.8 X 103 fibres per pg (f/ ug) of dust. Both milled samples
contained about 1 X 10° f/ ug and none of those examined exceeded 5 um in length.
Transmission electron micrographs of the intact and one of the milied samples are
shown in Figure 1.

The elemental composition and electron diffraction patterns of particles from all
the samples were similar both to one another and to those of fibres from the Turkish
village of Karain.

The intact fibres used in this study had a size distribution similar to that used
previously (Poole ef al., 1983) and contained fewer fibres (and particularly a smaller
proportion of long fibres) than the sample used by Wagner e¢ al. {1985). Since all these
samples were prepared in the same laboratory from the same starting material, this is
particularly surprising. The small number of long fibres led to this sample having only
alow cytotoxicity to V79-4 cells. Milling the fibre reduced this considerably (Table 1),

Table 1. Survival of V79-4 cells?

Concentration of % survival

erionite

(ug/m Long fibres Short fibres
5 86+ 7.6 102+ 13.7

10 89 £ 10.3 108 X126

20 75+45 96+t 9.8

S0 61+74 94+ 70

“Determined by the method of Chamberlain and Brown (1978). The 95%
confidence limits are also shown. The long fibres were those in the intact sample,
while the short fibres were produced by milling in a disk mill

Transformation assay

Theresults are presented in Table 2, and show that exposure to erionite caused an
increase in the number of transformed foci as compared with the negative control
cultures. This sample was less active than that used previously (Poole 21 al., 1983). The
milled non-fibrous sample caused fewer of the type-3 foci to appear than the intact
fibres, but was more active in producing the less-transformed (and harder to score)
type-2 foci.

This experiment was repeated with similar results (Table 3); extraction of the
erionite with cyclohexane did not reduce its ability to cause transformation. In this
experiment, the interaction of the fibres with BP was also investigated, and all of the
dusts were tested in combination with it. In no case was the activity of the erionite and
BP mixtures significantly greater than would be expected from a simple additive
interaction.
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Fig. 1. Transmission electron micrographs of the intact fibre (A) and of the sample
milled in the planetary ball mill (B). The other milled sample was similar.




78 Brown et al.

Table 2. Transformation of C3H 10T celis (first experiment)?

Treatment Survival (%) No. of flasks No. of foci

Type 3 Type 2
Controls 100 39 2 14
Benzo[a]pyrene
0.2 ug/ml) 64 38 34 21
Benzo[a]pyrene
(1.0 ug/mi) 31 35 38 27
Long erionite
(30 ug/ml) 43 44 11 40
Short erionite
(30 ug/ ml) 87 40 2 111

“Estimated as described in the text. The number of type-2 and type-3 transformed foci was
determined by the method of Reznikoff et af. (1973b)

Table 3. Transformation of C3H 10T cells (second experiment)?

Treatment No. of No. of No. of
type-3 foci type-2 foei flasks
Controls 0 16 40
Benzofalpyrene:
0.1 pg/ml 5 15 20
0.5 pg/ml 12 13 20
Erionite:
Long (20 ug/ml) 6 34 20
Long (40 ug/ml) 4 49 i9
Short (20 pg/mi) ] 31 20
Short (40 ug/mi) 0 44 20
Extracted (20 ug/ml) 4 30 20
Extracted (40 ug/ml) 6 30 20
Long (20 pg/ml) + BP (0.1 pug/ml) 6 kY 20
Long (40 pg/ml) + BP (0.1 ug/mi) 11 20 20
Short (20 pg/ml) + BP (0.1 pg/ml) 6 49 20
Short (40 ug/ml) + BP (0.1 pug/ml) 3 33 20
Extracted (20 pg/ml) + BP (0.1 ug/ml) 3 15 20
Extracted (40 ug/ml+ BP (0.1 ug/mi) 14 8 20

“Estimated as described in the text. The number of type-2 and type-3 transformed foci was determined by
the method of Reznikoff et al. (1973b).

BP, benzo[a]pyrene.
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Discussion

The extremely high oncogenic activity of erionite raises several problems, In
animal experiments, the activity of this dust is much greater than that of any asbestos
sample (Wagner ez al., 1985). The activity of erionite in the human populations of the
Turkish villages may also be greater than that of other mineral fibres, though in that
case exposure also occurs at an earlier age than is common for asbestos. In producing
in vifro transformation, this mineral fibre seems to have a qualitatively different effect
from those expressed {or rather absent) in asbestos samples.

The oncogenic activity of most fibres depends on the number of long, thin fibres
inoculated or implanted; this relationship also holds for many in vitro effects of
mineral fibres (see for example Brown ef «l., 1978). Milling the erionite destroys its
ability to cause the transformation of C3H 10T% cells, and thus the relationship
between fibre size and activity seems also to hold for this end-point. Transformation
cannot be explained simply as the result of the presence of these long fibres, since there
are fewer of them in the present sample than is the case for the UICC samples of
asbestos.

The relationship between fibre size and number and the reduction of the plating
efficiency of V79-4 cells seems simpler. The activity of erionite is less than, for
example, that of crocidolite asbestos. Thus it seems that, while both the cytotoxicity
and transforming ability of erionite are dependent on the presence of long, thinfibres,
the quantitative relationships for the two activities are not the same. Fewer fibres of
erionite are needed for the expression of the transforming activity than for that of the
cytotoxicity.

The fact that extraction with cyclohexane did not affect the activity of the erionite
may mean that its carcinogenic activity is not due to an adsorbed carcinogen.
However, extraction with this solvent could still leave a more strongly polar material
on the fibre surface or any type of carcinogen within its porous structure, since the
pores of this mineral are too small to be accessible to this solvent. At the same time,
they are also too small to contain most types of carcinogen.

The absence of a synergism between erionite and the polycyclic carcinogen BP is in
contrast with the ‘promoter-like’ effect of asbestos on both the action of this
carcinogen (Brown ef /., 1983) and radiation (Hei ef ¢/, 1984). Erionite might lack
this promoting effect and be a true initiator in this transformation assay, whereas
asbestos only acts as a promoter.

The large number of type-2 foci produced by the milled erionite is difficult to
explain; this is the first time that such a response has been reported, though we have
subsequently found that other non-fibrous zeolites produce the same result.
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MECHANISMS OF FIBRE-INDUCED SUPEROXIDE
RELEASE FROM ALVEOLAR MACROPHAGES
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IN THE LUNGS OF RATS INHALING CROCIDOLITE
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Summary. Asbestos resembles the phorbol ester, 12-0- tetradecanoylphorboﬁ
13-acetate (TPA), in its ability to elicit.release of superoxide (02 ) from rodent
alveolar macrophages (AM) in vitro. In addition, superoxide dismutase (SOD}, the
antioxidant enzyme scavenging O,’, is increased in cultures of tracheobronchial
epithelial cells and lung fibroblasts after exposure to either crocidolite or chrysotile
asbestos. Qur objectives here were to determine: (1) the chemical and physical
properties of asbestos important in the generation of 0, from rat AM; and (2) the
effects of O, in comparison with asbestos on biosyntheses of collagen and non-
collagen protein in rat lung fibroblasts in vitro. We were also interested in whether
increased production of SOD occurred in the lungs of rats after inhalation of
crocidolite asbestos.

To determine whether O, was elicited in response to a variety of asbestiform
fibres, AM lavaged from Fischer 344 rat lungs were exposed i vitro to equivalent
non-toxic amounts of crocidolite asbestos, erionite, Code 100 fibreglass, sepiolite,
and their non-fibrous analogues, riebeckite, mordenite and glass particles. In
addition, sized preparations of long (10 um) and short (<2 um) asbestos were
introduced at identical concentrations to determine whether length of fibres is
critical in O, release. The amount of Oy released from AM in response to dusts
was then determined by measuring SOD-inhibitable reduction of cytochrome C.
All asbestiform fibres caused a significant (p<0.05) increase in generation of 0,
from epithelial cells, whereas non-fibrous particles were less active at comparable
concentrations. Experiments with long (>>10 um) versus short (<2 um} chrysotile
showed that long fibres caused a more striking, dosage-dependent release of 0.
To determine whether O, plays a role in the causation of fibrotic lung disease, rat
lung fibroblasts were exposed to a biochemical generation system (xanthine-
xanthine oxidase) for O, before quantitation of cell-associated collagen and
non-collagen protein at 24, 48 and 72 h thereafter. At the latter time periods,
significant increases in total collagen per ng DNA were observed. In comparison
with controls, the generation system for O, also caused an initial decrease in
synthesis of non-collagen protein followed by increases in synthesis of non-
collagen protein at 48 and 72 h.

Using arapid onset inhalation model of asbestosis developed in this laboratory,
we assessed the amounts of SOD (both the Cu-Zn and Mn-containing forms) in the
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lungs of Fischer 344 rats exposed to crocidolite asbestos {10 mg/ m?3 air; 6 per day)
for 1, 3, 6 and 9 days. At 3, 6 and 9 days, SOD in the lnngs of crocidolite-exposed
rats was increased {p <0.05) above levels cbserved in sham-exposed animals.
Taken in context, results here suggest that enhanced release of O, and
a compensatory increase in antioxidant enzymes occur in cells of the resplra.tory
tract following exposure to asbestiform minerals. Active oxygen species generated
upon phagocytosis of fibres by AM or by direct interaction of *target’ cells with
asbestos cause alterations in normal cell differentiation, e.g., increases in collagen
biosynthesis, which may contribute to lung disease.

Introduction

Exposure to asbestos, a family of hydrated silicate fibres (where a fibre is defined as
a particle of length-to-diameter ratio >>3:1), is associated with the development of
malignant {mesothelioma, bronchogenic carcinoma) and fibrotic (asbestosis) lung
disease, The precise mechanisms involved in the pathogenesis of asbestos-associated
diseases are unclear, but work by this laboratory (Hansen & Mossman, 1987;
Mossman et l., 1986a,b; Shatos e al., 1987) and others (Goodglick & Kane, 1986;
Weitzman & Weitberg, 1985) suggests that the generation of active oxygen species is
involved in inflammation and cell damage. For example, crocidolite-induced toxicity
to rodent tracheobronchial epithelial cells (Mossman et al., 1986a), lung fibroblasts
(Shatos er al., 1987), and alveolar (Shatos et al., 1987) or peritoneal (Goodglick &
Kane, 1986) macrophages in vitro can be prevented by the administration of
scavengers of oxygen metabolites such as superoxide dismutase {(SOD), catalase and
mannitol. Crocidolite, chrysotile and amosite asbestos all cause lipid peroxidation of
cell membranes (Gulumian e7 al., 1983; Weitzman & Weitberg, 1985) which can be
ameliorated by the use of desferroxamine, an iron chelator (Weitzman & Weitberg,
1985). Moreover, lipid peroxidation is further enhanced upon addition of NADPH
and asbestos, crocidolite being a more potent stimulus than chrysotile at similar
concentrations (Fontecave et al., 1987).

The release of oxygen free radicals from cells of the immune system, specifically
polymorphonuclear leucocytes (PMN) and macrophages, occurs after a number of
toxic insults and is associated with the development of an inflammatory response
(Freeman & Crapo, 1982). Since alveolar macrophages (AM) accumulate in the lungs
of animals exposed to asbestos (Craighead & Mossman, 1982), we were interested i in
the characteristics (chemistry, geometry, length) of fibres important in eliciting O,"
from these cell types. Moreover, we wished to determine what effects generation of
O, might have on a ‘target’ cell of disease, such as the lung fibroblast affected in
asbestosis. Specifically, we tested the hypothesis that O, would cause changes in cell
synthesis of collagen, a protein accumulating in the lung during fibrotic lung disease.
To this end, we measured collagen and non-collagen protein synthesis in a normal line
(RL-82) of rat lung fibroblasts after exposure to either crocidolite asbestos, an agent
stimulating collagen biosynthesis in these celis (Mossman ef al., 1986b), or xanthine
and xanthine oxidase, a reaction mixture generating 02
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SOD, an enzyme scavenging O, is increased in cells of the respiratory tract after
exposure to asbestos in vitro {(Mossman et @l., 1986a; Shatos ef al., 19856). Another
goal of the studies described here was to determine whether production of SOD is
enhanced in animals after inhalation of crocidolite asbestos. Presumably, this might
represent a protective mechanism to combat the increase in Oy generated by AM in
response to asbestos (Hansen & Mossman, 1987).

Materials and methods

Isolation of AM and exposure to particulates

Male golden Syrian hamsters (EHS sirain), 6-8 weeks old, and Fischer 344 rats
were anaesthetized with phenobarbital and lavaged as described previously (Hansen &
Mossman, 1987). The lavage fluid from 6-8 rodents was centrifuged for 10 min at
900 g, and the cell pellet resuspended in Medium 199 (GIBCO, Grand Island, NY)
containing 10% heat-inactivated fetal bovine serum. Over 98% of the cell vield
consisted of AM as determined by differential cell counts. AM were plated in 12-well
dishes at 5 X 105 or 10¢ cells per well and maintained at 37°C in a NAPCO 5300
incubator (35% air, 5% CO,) for 2 h, at which time non-adherent cells were decanted
before exposure to particulates. Because hamster AM require the addition of
opsonized Zymosan to detect a measurable increase in O, in response to particulates
(Hansen & Mossman, 1987), these cell types were exposed to dusts for 2 h in
serum-containing medium followed by removal of medium and subsequent exposure
of cells to opsonized Zymosan A, heat-killed yeast particles (Sigma Chemical
Company, St Louis, MO) in the O, reaction mixture (see below) for 1 h. In contrast,
rat cells were exposed to dusts for 1 h in the O, reaction mixture. Particulates were
dispersed by ultrasonication and suspended in serum-containing medium prior to
their addition to cells and examined at a range of concenirations (2.5-25 ug/ cm? dish).

Sources of particulates

Several fibres, including crocidolite asbestos (Na,0.Fe,0,.3Fe0.8Si0,.H,0,
UICC reference sample), Oregon erionite ((Na,,K;,Ca,Mg), 5 (Aly Si,055). 27H,0, a
gift from Dr Reg Davies, MRC Toxicology Unit, Carshalton, Surrey, UK, and Code
100 fibreglass {Si0,, Manville Corp., Denver, CO), were added to rat and hamster AM
at non-toxic concentrations, as determined by exclusion of the vital dye, nigrosin, at
24 h after exposure to particulates. Preparations of their non-fibrous, chemically
similar analogues, namely riebeckite (Na,0.Fe,0;.3Fe0.8810,.H,0, Wards National
Science Est., Rochester, NY), mordenite ((Ca,Na,, K}, AlSiygO04.28H,0, a gift from
Dr Robert Emerson, Department of Pathology, University of Vermont) and glass
beads (Si0,, 1-4 um diameter, Particle Information Service, Inc.) were used in
comparative studies. Suspensions of sepiolite (Mg($i0;);(OH).6H,0, Minerals
Research, Clarkstown, NY) consisted of mixed fibres and particles (Hansen &
Mossman, 1987). The geometry and dimensions of all preparations of dusts have been
reported previously (Hansen & Mossman, 1987; Woodworth e al., 1983).
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Assay for @2—"

AM alone and with addition of dusts were incubated in a reaction mixture
containing Earle’s balanced salt solution (GIBCO, Grand Island, NY) and 40 uM
cytochrome C (Type VI, Sigma Chemical Co., St Louis, MO} for 1 h. At this time, the
supernatant was decanted into microfuge tubes on ice and centrifuged at 8000 g to
remove debris. All groups { #=3-5 per determination} were run with and without the
addition of 100 pg/mil bovine erythrocyte SOD. Reduction of cytochrome C was
measured spectrophotometrically at 550 nm, and results calculated as pmol reduced
cytochrome C per 5 X 105 or 106 cells per h, using a 0.029 mM extinction coefficient for
cytochrome C. Analysis of variance by the Dunnett’s procedure was used to determine
statistically significant differences between groups {Duncan, 1955). Cell-free reaction
mixtures to which fibres were added served as additional controls in all experiments.

Measurement of collagen and non-coliagen protein synthesis in rat lung fibroblasts
{RL-82 cells) after exposure to &,

To determine whether O, alters protein synthesis in fibroblasts of the lung, the
normal RL-82 cell line isolated from the lung of a Fischer 344 rat was obtained from
Dr Marlene Absher, Department of Medicine, University of Vermont. Cells were
maintained in minimal essential medium {(MEM, GIBCO, Grand Island, NY)
containing 10% fetal calf serum and exposed at near confluence to xanthine (50 uM)
and xanthine oxidase (0.5 and 1 units per ml, Sigma Chemical Co., St Louis, MO).
Controls consisted of untreated cells and those to which xanthine (30 uM)}) alone had
beenadded. At24-h intervals, ascorbate {10-*M) was added to dishes. Cells were then
pulsed with {3H]preline (10 ¢ Ci/ ml medium) for 2 h, homogenized and boiled for 10
min to inactivate proteases, and assayed in the presence and absence of purified
bacterial coliagenase (Advance Biofactures Corp., USA, 40 units per assay tube) to
determine newly synthesized collagen and non-collagen protein. Results, expressed as
cpm per ng DNA, were examined by the Student’s s-test, adjusting for multiple
comparisons between groups.

Determination of SOD in the lungs of Fischer 344 rats after inhalation of crocidolite
asbestos

To ascertain whether increased production of SOD, the endogenous scavenger
enzyme of Oy, oceurs in the lung after inhalation of agbestos, male Fischer 344 rats,
6-8 weeks old, were exposed to NIEHS crocidolite asbestos {10 mg/m? air, 6 h per
day)for 1, 3, 6 and 9 days. On the morning after completion of the exposure, the lungs
were perfused with phosphate-buffered saline, removed from asbestos-exposed and
sham control animals {N=4 per group), minced in potassium phosphate buffer (pH
7.8) containing 0.1 mM EDTA, and cell-free extracts prepared using a Polytron
homogenizer {Brinkmann Instrument, Westbury, NY). The activity of total endo-
genous SOD (both Cu-Zn and Mn-containing forms) was then determined by
methods described previously (Mossman ez al., 1986a). The Student’s ¢-test, adjusting
for multiple group comparisons, was used to determine the statistical significance of
the results.
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Resulis

Release of 02—' from AM response to particulates

Both hamster and rat AM phagocytosed fibres and particles immediately after
their addition to cultures. Because hamster AM did not generate O, inthe absence of
dusts, and production of G, in these cells was minimal in response to crocidolite
asbestos (Hansen & Mossman, 1987), pretreatment with Zymosan was necessary to
demonstrate measurable responses to particulates. Figure 1 shows significant
{(p<0.05) increases in release of O, after exposure to all of the fibres tested, whereas
riebeckite and glass beads, non-fibrous analogues of crocidelite, and Code 100
fibreglass, were ineffective at both comparable and higher concentrations. The results
obtained from experiments using rat AM were similar (Figure 2). Althoughincreased
release of O, occurred in response to all particulates, several-fold higher concentra-
tions of particles (in comparison to fibres) were required for measurable amounts of
0y tobe detected. For example, addition of crocidolite at 2.5 and 5.0 pg/ cm? per dish
caused a significant (p<0.01) dose-dependent elevation of O, in comparison with
unexposed AM (Figure 2A). In contrast, its non-fibrous analogue, riebeckite, caused
less significant (p<0.05) increases in O,  at 5-fold higher concentrations, i.e., 25
pg/cm? per dish. Similar trends were also observed using Code 100 fibreglass (Figure
2B) and erionite (Figure 2C) in comparison with their non-fibrous derivatives, glass
beads and mordenite, respectively. Thus, the fibrous geometry of asbestiform dusts
appears important in the generation of O, from AM.

The length of the fibre also affects release of 0, from cells. Table 1 shows
generation of O, from rat AM after exposure to long (>>10 um) or short (<2 pm)
fibres of Mansville chrysotile asbestos. Long (10 um) fibres caused a more marked
increase in production of O," than short (<2 um) fibres at higher concentrations,
although generation of O, in response to both fibre preparations was enhanced in
comparison with control cells. As has been observed previously with the use of
crocidolite (Hansen & Mossman, 1987), AM show only asmallincrease in response to
chrysotile asbestos when compared with opsonized Zymosan.

Collagen and non-collagen protein synthesis after exposure of RL-82 lung fibroblasts
to xanthine-xanthine oxidase or crocidolite ashestos

Whether release of O, by AM alters the normal differentiation of other cell types
in the lung is of critical importance to an understanding of the pathogenesis of
asbestos-associated disease. To address this possibility, we assessed collagen and
non-collagen protein synthesis in rat lung fibroblasts at 24, 48 and 72 h after addition
of xanthine and xanthine oxidase, a reaction mixture generating O,". In compari-
son with untreated and xanthine controls, a decrease (p<<0.01) in non-collagen protein
synthesis is observed at 24 h with use of 0.5 and 1.0 units/ mi xanthine oxidase (Figure
3) at 24 h. Alternatively, significant increases in non-collagen protein synthesis are
observed at 48 and 72 h. Similar trends were observed withregard to collagen sythesis
(Figure 4). Both non-collagen and collagen protein synthesis declined after 24 h in
control and xanthine-treated cells as these cells became confluent.




86 AMossman et al.

Fig. 1. Release of 0; from hamsier alveolar macrophages (AM) exposed to fibres and
particles
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Various dusts were added for 2 h in culture medium before addition of Zymosan (0.25 mg/ml) to the
reaction mixture consisting of Earle’s balanced salt solution and 40 M cytochrome C. The amount of O,
released (mean = SEM; N =4 observations per group) is presented as a percentage increase as compared
with values observed in cells exposed to Zymosan alone; [0 and B indicate the results of duplicate
¢xperiments; * = increased significantly (p <0.05) in comparison with controls exposed to Zymosan alone.
Reprinted with permission from Hansen and Mossman (1987) Cancer Res., 47, 1681-1636.

Table 1. Release of superoxide () from rat alveolar macrophages (AM)
in response to long (10 um) and short (<2 um) chrysotile asbestos

Stimulus O; Generation (uM cytochrome
C per h per 108 cells)?

None (control) 1.59 +0.25
Zymosan (opsonized) 10.44 + 1.657
Long chrysotile;
0.5 pg/em? 2.84 +0.35°
1.0 pg/em? 5.44 = 0,667
2.0 pg/om? 6.87 + 0.697
Short chrysotile:
0.5 pg/em? 2.99+0.85
1.0 ug/cm? 4.19+ 1.8¢%
2.0 pg/cm? 4.14+230

IMean = SEM of 2-3 observations per group in duplicate or triplicate experiments.

SIncreased significantly (p <0.05) in comparison with untreated controls.
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Fig. 2. Release of 0, from rat alveolar macrophages (AM) exposed to fibres and
particles

1500 A. 1B. {C.
%“
_ N |
N
\
N
1000- N |
5 N
5 N
o \ %
o § *g%
-4 - £
< N
32 S
#*
5004 4 " &
N
v | N ot
i N |
100 AN - an N
Croc. Croc. Rieb. Code Sep. Erion. Erion. Mord. Mord.
25 50 25 100 Beads 25 50 125 25

5.0 25 25

The amount of Q; released (meant SEM; ¥=3-5 observations per group) is presented as a percentage
increase as compared with values observed in unexposed controls; * = increased significantly (2 <0.01} in
comparison with controls; T = increased significantly (p<C0.05) in comparison with controls. Modified from
Hansen and Mossman (1987) Cancer Res., 47, 1681-1686

Levels of SOD in the lungs of Fischer 344 rats exposed to asbestos

If release of O," by AM or other cell types occurred in the lung after exposure to
asbestos, one would expect a compensatory increase in endogenous SOD, theenzyme
scavenging O, . In confirmation of this hypothesis, the lungs of rats inhaling
crocidolite asbestos showed significant elevation of SOD as early as 3 days after initial
exposure (Figure 5). These increases became more striking with time.

Discussion

The data presented support the concept that oxygen free radicals are produced in
the initial inflammatory response to asbestos and other fibres in the lung. Several
mechanisms of generation of O, and other reactive species appear possible. For
example, Weitzman and Graceffa (1984) have shown, using electron spin resonance
spectroscopy, that incubation of amosite, chrysotile or crocidolite asbestos with
hydrogen peroxide leads to production of 02 and the hydroxyl radical (OH"). Since
generation of O, and OH' from hydrogen peroxide does not occur when fibres
treated with desferroxamine, an iron chelator, are used, these investigators suggest
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Fig. 3. Effects of xanthine and xanthine oxidase on non-collagen protein synthesis in
RIL-82 lung fibroblasts.
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Values represent the meant SEM of a typical experiment. All experiments were performed in triplicate; * =
significantly different (p <0.01) from xanthine (50 M) group; ** = significantly different (p <0.001) from
xanthine (50 pM) group.

that iron on the surface of fibres serves to catalyse the reaction. Pezerat and colleagues
(Pezerat et al. (pp. 100-111); Zalma er gl., 1987) have also demonstrated the formation of
OH' from asbestos and other iron-containing minerals in a cell-free system by
reduction of oxygen arising from the surface of the fibres. Thus, direct generation of
active oxygen species by fibres appears to be an iron-dependent process occurring in
the absence of cellular contact, e.g., from unphagocytosed asbestos fibres residing in
the lung. This observation provokes intriguing speculations concerning the nature of
ferruginous or asbestos bodies in the lungs of man. These coated fibres are apparently
created after deposition of haemosiderin on fibres by macrophages, and are a
hallmark of exposure to asbestos (Craighead & Mossman, 1982). Although the
biological significance of asbestos body formation is unclear, most scientists view the
process as a protective response whereby the active surfaces of fibres are contained. In
contrast, the results of recent experimental studies (Goodglick & Kane, 1986; Shatos
et al., 1987, Weitzman & Graceffa, 1984; Weitzman & Weitberg, 1985; Zalma er al.,
1987) suggest that iron drives reactions favouring the production of active oxygen
species and subsequent cytotoxicity to cells.



Fibre-induced superoxide release 89

Fig. 4. Effects of xanthine and xanthine oxidase on collagen protein synthesis in
RL-82 lung fibroblasts
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Values represent the mean + SEM of a typical experiment. All experiments were performed in triplicate;
* = gipnificantly different (p <(0.01) from xanthine (50 uM) group; ** = significantly different (p <0.000}
from xanthine (50 uM} group.

We show here another mechanism of generation of oxygen free radicals involving
incomplete phagocytosis of fibres by AM. Clearly, longer fibres are more apt to
generate O, in comparison with shorter fibres or particulates which can be effectively
incorporated into phagosomes and lysosomes (Mossman er al,, 1977). In initial
experiments, we observed a significant decrease (in comparison with controls) in Oy
release into medium by AM exposed to short (<2 um) chrysotile fibres. Presumably,
O, release under these circumstances occurred into the lysosome, since we were
unable to measure it extracellularly, In contrast to generation of O, by fibres directly,
production of active oxygen species by ‘frustrated’ phagocytosis of longer fibres is not
aniron-dependent process as it occurs in response to a number of non-iron-containing
fibres of similar dimensions to asbestos.

Oxygen free radicals induce a plethora of biochemical changes in cells including
peroxidation of lipids and damage to DNA (Freeman & Crapo, 1982). These
phenomena are linked causally to cytotoxicity. To determine whether non-toxic
concentrations of O, could produce changes in differentiation of cells that might
contribute to disease, we exposed normal lung fibroblasts (RL-82 cells) to low
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Fig. 5. Buperoxide dismutase (SOD) in the lungs of sham- and crocidolite-asbestos-
exposed Fischer 344 rats
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comparison with sham controls

concentrations, i.e., those not causing cytotoxicalterations in cells over a 24-h period,
of xanthine and xanthine oxidase. Based on our prior results with crocidolite
(Mossman et al., 1986b) showing an increased ratio of total cell-associated collagen to
non-collagen protein in these cell types, we speculated that the generation of O, by
asbestos fibres might be responsible for these biological effects. We therefore
measured collagen and non-collagen protein synthesis in cultures exposed to an
O, -generating system in an attempt to establish a cause-and-effect relationship. The
results indicate that O, alone causes an increase in collagen and non-collagen
synthesis in RE-82 cells at 48 and 72 h. This time frame of response corresponds to the
times when increased synthesis of proteins is observed after exposure to crocidolite
asbestos (Mossman ef al., 1986b). We were unable to demonstrate any changes in the
incorporation of [3H]thymidine in asbestos (Mossman et al., 1986b) or xanthine-
xanthine oxidase-exposed RL-82 cells (data not shown), indicating that increased
proliferation of these cell types does not occur under these circumstances.

As described in the Introduction to this paper, a number of in vitro studies support
the concept that asbestos-induced cytotoxicity is linked to the formation of oxygen
free radicals. Using a rodent inhalation model of disease (Mossman ez al., 1985), we
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report here a rapid increase in the amount of SOD, an enzyme scavenging O;, in the
lungs of crocidolite-exposed rats. These results provide indirect evidence that
increased production of O, occurs in the lungs of animals and humans exposed to
asbestos. Presumably, the increase in total SOD represents a protective mechanism to
combat the production of active oxygen species by asbestos. We are currently studying
the regulation of antioxidant enzyme genes in cells of the lunginan attempt to answer
this question.
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Summary. Inhalation of asbestos fibres causes a progressive interstitial pulmonary
fibrosis. To understand the basic cellular mechanisms which lead to this disease, we
have studied the earliest proliferative events at the bronchiolar-atveolar regions of
rats and mice exposed to chrysotile asbestos for 5 h. Animals were injected with
tritiated thymidine 4 h prior to sacrifice at varying times ranging from immediately
after cessation of exposure to one month post exposure. Light microscopic
autoradiography showed that air-exposed control animals never had morethan 1%
of cells labelled. Rats and mice studied immediately after exposure also had normal
numbers of labelled cells, However, between 12 and 48 h post exposure, asbestos-
exposed animals exhibited up to 4-fold increases in the percentages of labelled
epithelial and interstitial cells. Normal labelling returned by 8 days after exposure
and was maintained through the one-month period studied. We conclude that
inhalation of chrysotile asbestos induces rapid and highly significant increases in
proliferation of epithelial and interstitial cells of the bronchiolar-alveolar regions
where asbestos fibres were initially deposited.

Introduction

It has become clear that inhalation of asbestos fibres causes interstitial pulmonary
fibrosis (Selikoff & Lee, 1978). Consequently, in recent years, occupational exposures
to high concentrations of asbestos dust have become rare. However, there are
increasing efforts to remove asbestos products already in place, while mining and
manufacturing continue at a limited pace. All of these activities must release some
amounts of aerosol dust into the environment. The occurrence of brief high-
concentration exposures during demolition of old buildings and removal of friable
insulation may also be possible, and both workers and local inhabitants could inhale
large numbers of fibres. The pathobiological sequelae of such exposures are not at all
clear. By studying brief exposures of these types in an animal model, we have learned
that the fibres which reach the alveolar level provoke rapid cellular responses, such as
epithelial uptake of fibres (Brody et al., 1981}, complement activation (Warheit et al.,
1985, 1986) and consequent macrophage migration (Warheit ef al., 1984, 1985, 1986).
In this paper we review our recent findings (Brody & Overby, 1988) on the earliest
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proliferative responses of epithelial and interstitial cells at the sites where the initial
lesions of asbestosis are manifested (Chang et /., 1988).

Mazerials and methods

Male (CD White) rats or mice (normal B10.D2 or complement-deficient
B10.D2/ oSn), 8 weeks old, were exposed {5 animals per group) to room air {sham) or
toan aerosol of chrysotile asbestos (10 mg/ m? respirable mass) for 5 hin open cages as
previously described (Warheit e al., 1984, 1985). Following recovery periods of 0, 19,
24, 33, 48 h and 1, 2 and 4 weeks after inhalation, tritiated thymidine (CHTdR)
(2uCi/g) was administered intraperitoneally (i.p.) to the asbestos- and sham-exposed
animals. They were sacrificed 4 h after administration of the SHTdR by injection of 1
ml} sodium pentabarbitol (50 mg/ml) i.p. Animals were then perfused through the
vasculature (by the pulmonary artery) with fixative (19 glutaraldehyde, 1% para-
formaldehyde) at 23 cm H,O pressure for 5 min. The whole lungs were removed from
the chest and immersed in fixative overnight.

After the tissues were fixed, slices (2 X 5 X 10 mm) were taken at right angles to
each mainstem bronchus from both right and left lungs and post-fixed with 0.5%
osmium tetroxide in veronal acetate buffer. The slices were embedded in soft Epox 812
and polymerized at 60°C for 15 h. These plastic blocks were softened on a warming
tray at 40°C, and slices 0.5 mm thick were cut parallel to the large tissue face with a
double-edged razor blade. A terminal bronchiole with its attached alveolar ducts,
including the bifurcation between the ducts, was selected under a dissecting
microscope and cut out of the warmed plastic block. Two terminal bronchiole-
alveolar duct regions per animal were selected for a total of 10 anatomical units per
treatment group. The selected tissue was glued on to a BEEM blank with epoxy glue.
For light microscope autoradiography, 0.6-um sections were cut with a diamond knife
ona MT5000 microtome, and from the first two blocks sectioned at each time point, a
thin section for electron microscopy was cut adjacent to the thick section taken for
autoradiography. The thin sections were mounted on slotted grids (0.2 X ! mm),
stained with uranyl acetate and lead citrate, and photographed with a JEOL 100CX
electron microscope. The autoradiography thick sections were placed on glass slides,
coated with Iiford L4 emulsion, exposed for 3 weeks, developed with D-12 (Kodak,
Rochester, NY) and stained with toluidine blue. For each treatment group, labelled
nuclei (6 or more grains over a nucleus) were counted by light microscopy at 100X
magnification in the epithelium and interstitium of the following 4 anatomical units of
the terminal bronchiole-alveolar duct regions: (1) terminal bronchiole; (2) alveolar
duct walls between the terminal bronchiole and first alveolar duct bifurcation; (3) first
alveolar duct bifurcation; and (4) ducts distal to the bifurcation (Figure 1).

Data were analysed by Wilcoxon’s rank sum test for non-parametric values, and
statistical significance was reached at a level of p<C0.05.

Results and discussion

As previously described for normal animals (Shami ez al., 1986; Tryka et al., 1686),
sham-exposed rats and mice showed no increase in tritiated thymidine (PHTdR)
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Fig. 1. Light micrograph of the lung of 2 mouse 48 bk after exposure o chrysotile
asbestos

Bronchiolar epithelial cells (arrows) are clearly labelled with *HTdR. The terminal bronchiole (TB)
leads into alveolar ducts (AD), and the first alveolar duct bifurcation exhibits labelled epithelial and
interstitial cells (arrowheads). These are best observed in the enlargement of the bifurcation.

incorporation at any time post exposure. All anatomical regions had a labelling level
of about 1% (Figure 2).

A 5-hour exposure to chrysotile asbestos induced clear incorporation of "tHTdR by
about 20 h post exposure (Figures 1 and 2). Immediately after exposure, percentages
of labelled cells remained at normal levels (Figure 2). These percentages rose
significantly through a 12-20-h period and reached a peak by 48 h post exposure
(Figure 2). Percentages of labelled cells declined to normal levels by one week after
exposure and remained normal through the one-month period studied (Figure 2).

The cell types labelled included cuboidal epithelial cells and attenuated interstitial
cells of the terminal bronchioles (Figure 1) as well as Type II epithelial and undefined
interstitial cells at the alveolar level (Figure 1). Here, cells of the proximal alveolar
ducts and first alveolar duct bifurcations exhibited significantly increased levels of
SHTdR incorporation. No increases were observed in any cells distal to the first duct
bifurcations. These findings are consistent with ultrastructural morphometric studies
on rats showing that epithelial and interstitial cells of the first alveolar duct
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Fig. 2. Incorporation of tritiated thymidine CHTdR) after exposure 10 air (sham) and
an aerosol of chrysotile asbestos (10 mg/m?® respirable mass)
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bifurcations are increased in number and volume only 48 h after a one-hour exposure
to chrysotile asbestos {(Chang ef al., 1988). Interestingly, these morphometric studies
show that an interstitial lesion at the bifurcations progresses through the one-month
period studied, but tissues distal to the first alveolar duct bifurcations apparently
remain unaffected.

The autoradiographic findings presented here and the morphometric studies
support our hypothesis that asbestos fibres originally deposited on the surfaces of
alveolar duct bifurcations {Brody & Roe, 1983) induce rapid cellular responses and
consequent development of an interstitial lesion (Chang et al, 1988). The basic
biological mechanisms which mediate the progression of the lesion are uncertain. It is
clear that increased numbers of macrophages are attracted to the sites of fibre
deposition (Warheit efal., 1984, 1985), and some of the cells which haveincorperated
YHTdR are apparently interstitial macrophages, several of which contain asbestos
(Brody & Overby, 1988). Since the complement-deficient mice exhibit a reduced
macrophage response to asbestos inhalation (Warheit ez al., 1985), we hoped that
autoradiographic studies would shed some light on the role macrophages might play
in the early cell responses. At this point in our studies, no apparent differences have
been discerned between the normal and complement-deficient mice at the early time
points (Figure 2). However, it was most interesting to learn that, by one month post
exposure, the complement-~deficient mice exhibited a significantly reduced interstitial
lesion compared with the normal controls (McGavran et al, 1987). Further
autoradiographic and ultrastructural comparisons are being carried out on this
interesting model system.

Thus, at least two alternative, although not mutually exclusive, hypotheses exist to
explain mechanisms controlling the pathogenesis of the asbestos-induced cellular
alterations. First, it is clear that inhaled asbestos fibres are deposited at all levels of the
respiratory tract (Morgan er al., 1975). It is conceivable that the fibres on epithelial
membranes which are taken into the cytoplasm of Type I alveolar epithelial cells
(Brody et al., 1981) could directly provoke a mitogenic response by the Type II
epithelium. Even though Type II cells very rarely take up fibres (Pinkerton et al.,
1984), it is the reaction of Type I cells which can dictate a proliferative response in
Type 11 cells. This has been shown clearly in studies where injury to Type I cells by
oxygen or NO, (Crapo et al., 1984) results ina mitogenic response by Type I1cells. The
fact that the Type I cells rapidly become thicker (Chang ef al., 1988), together with the
development of a small but significant leak of serum proteins into the lung (Warheit et
al., 1986), support the notion that the inhaled asbestos could induce a mitogenic effect
through direct membrane interactions with epithelial cells. On the other hand, direct
effects on the bronchiolar epithelium are more difficult to envision. These cells have
not been shown to phagocytose asbestos fibres iz vivo, and they are covered by a layer
of secreted proteins, lipids and carbohydrates,

A second possibility to be considered as a source of the mitogenic stimulus is the
population of pulmonary macrophages which responds to the inhaled asbestos
(Warheit er al., 1984, 1985). Analveolar macrophage-derived factor has beenshownto
induce tritiated thymidine incorporation by Type Il cells in vitro (Leslie et al., 1986),
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and macrophage-derived growth factors for fibroblasts have been clearly demon-
strated (Ross er al, 1986). Recently, work in our laboratory has shown that
pulmonary macrophages secrete a platelet-derived growth factor homologue which
binds specifically to receptors on rat lung fibroblasts (Kumar er al., 1988). Since
increased numbers of pulmonary macrophages accumulate in the bronchiolar-
alveolar regions during the 48-h post-exposure period {Warheit et 4l., 1985, 1986), it is
conceivable that these cells synthesize and secrete mitogenic factors which induce the
epithelial and interstitial cells to incorporate tritiated thymidine during proliferation.
This hypothesis remains to be proven; however, the anatomical distribution of
alveolar and interstitial macrophages appears to be appropriate. It is clear that
asbestos fibres cause early significant incorporation of *HTdR by a variety of
pulmonary cells.

Conclusions

We have shown that a brief exposure to chrysotile asbestos fibres induces a
proliferative response by epithelial and interstitial cells associated with sites of initial
dust deposition in rais and mice. These findings correlate with earlier morphometric
studies showing progression of an interstitial lesion. This shows that brief exposures,
such as those that might occur during demolition or removal of asbestos-containing
structures, induce cellular responses and subsequent bronchiolar alveolar lesions.
Whether or not similar lesions will occur in humans and progress, with pathological
sequelae, has not yet been determined.
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Summary. According to certain hypotheses, the production of oxygen radicals
within the biological medium (the phenomenon of oxidative stress) may play an
important rele in fibrosis and in certain steps of carcinogenesis. The mineral fibres
of various materials are capable of participating in this phenomenon, owing to the
reducing nature of their surface activity, so that GH' radicals can be produced from
oxygen in 3 steps. The surface activity of inorganic materials which are insoluble or
only very slightly soluble is due to the presence of electron donor active sites,
generally linked to Fe?* jons found in the neighbourhood of the surface. In
biological systems, these sites may emerge on the surface as a result of the partial
dissolution of the particle, the action of a biological reducing agent, the
phenomenon of deposition on the surfaces or cation exchange. We have explored
the reducing properties of the surfaces of a certain number of mineral fibres, in
aqueous buffer medium, by electron paramagnetic resonance (EPR) measurement
of the adduct with the radical-trapping agent 5,5"-dimethyl-1-pyrrolidine-N-oxide
(DMPO}, produced from the radicals initially formed (OH or R'). We have found
certain fibres to be highly effective in producing radicals from dissolved oxygen
(Canadian chrysotile, nemalite, freshly ground amphiboles) while others have little
effect. The reducing activity of certain fibres may be markedly increased by prior
treatment in the presence of a ferrous salt (as in the case of erionite) or by the
addition of glutathione to the reaction medium (as in the case.of UICC crocidolite},
It is suggested that the carcinogenic activity of certain inorganic materials at the
pulmonary level is the result of their surface reducing properties. These reducing
properties may either be present at the time of inhalation or acquired in the
biological medium. This hypothesis is not in conflict with the observation of the
role of the dimensional characteristics of fibres in mesothelioma.

Introduction

Studies on chemical carcinogenesis have shown that the genotoxicity of an organic
compound is in general the result of the oxidation or alkylation of the macromolecules
of the genome by an electrophilic entity produced by the metabolism of the
compound.

—100—
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For many inorganic compounds, including the different varieties of asbestos,
which are slightly or very slightly soluble in biological media, the intracellular activity
will be essentially the surface activity of a phagocytosed particle. The surface activity
of a solid is, in turn, determined by the nature of the surface active sites. These sites
may be electron donors or acceptors, thus possessing reducing or oxidizing properties;
they may also exhibit acidic or basic properties (being electron pair acceptors or
donors).

As far as chemical carcinogenesis is concerned, we can therefore propose a model
for the genotoxicactivity, shown schematically in Figure | for a mineral particle which
has been phagocytosed.

Fig. 1. Model of genotoxic activity of phagocytosed mineral particle. For explanation
of symbols, see text.

Sk 2% e p (7%= DNA)

In this model 8, , represents the surface of a particle, capable of reacting with a
target molecule Z present in the cell so as to yield a genotoxic entity Z* which is
electrophilic and capable of leading to the oxidation or alkylation of the macro-
molecules of the genome. S’M symbolizes the passivated surface after reaction with the
molecule Z.

Of course, the real course of events will be more complex and will include some
intermediate steps between Z and Z*, It may also include complementary steps
involving reactive cellular species, allowing the regeneration of 5,; from 87, .

In the case of the various asbestos materials, previous work (Bonneau & Pezerat,
1983; Bonneau et al., 1986a) has shown that the surface active sites are essentially
electron donor sites (basic and reducing in character) with a relatively high density of
about 10?7 to 1018 per m2. We have shown elsewhere (Zalma er o/, 1986) that the
surface basic sites enable us to convert a molecule (Z) which is slightly acidic, such as
fluorene, into fluorenone, passing through a carbanion. But carbanions, being non-
electrophilic entities, do not, in general, fit the required genotoxic model except,
perhaps, when the basic sites on the solid are very strong; we shall come back to this
point with respect to erionite.

We have therefore explored the capacity of the reducing surface sites, choosing as
the target (Z) oxygen dissolved in an aqueous medium. Oxygen is present in constant
concentration in all cells, This being the case, the toxicentity (£*) will be the hydroxyt
radical OH’, formed at the end of the 3-step sequence shown in equations (1) - (3}.

The OH' radical, a powerful oxidizing agent, can react in two different ways, of
which the first is with a reducing site on the surface, S, according to the deactivation
reaction (4).
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The second reaction is with a molecule, RH, present in the medium, as follows:

OH” + RH = H,0 4 R* (5)

Reactions {4) and (5) are competitive. One or the other may become preponderant,
depending on the concentrations of the reducing sites and RH, and the individual rate
constants of these reactions.

The combination of OH' and R’ constitutes a satisfactory model of the
electrophilic entity Z*. It has also the advantage of being in accordance with various
observations by biologists on the peroxidation of membrane lipids by asbestos
(Fontecave et al., 1987; Gulumian ef al., 1983; Weitzman & Weitberg, 1985) and the
production of oxy-radicals following the treatment of cell cultures with asbestos
(Mossman et al., 1986; Turver et al,, 19895).

In assessing the capacity of a mineral particle to reduce oxygen dissolved in an
aqueous medium, account must be taken of the phenomena of passivation and
activation of the surface active sites.

The origin of the reducing surface activity of mineral fibres is essentially due to the
presence of Fe?t and the reducing sites may be the surface OH groups or water
molecules, bound to an underlying octahedral Fe2t. These Fe?* ions are oxidized in
air to Fe3* , this process taking place still more rapidly in an aqueous medium, leading
to a structural reorganization to a limited depth. Passivation may, however, be caused
in other ways, e.g., by the adsorption of certain biological macromolecules or by the
deposition of a mineral coating on the fibres impeding any access of oxygen to the
active sites,

Activation can be the result of any of the following processes: grinding, which
creates fresh, unoxidized surfaces; dissolution of the superficial passivated sheet in the
model or in the biological medium; or, e.g., the action of reducing agents present in the
medium, which convert the Fe3* near the surface into Fe?™.
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For a particle, therefore, the extra- and intraceilular surface reducing activity will
be a function of;

the surface area accessible to the reactive agents, which can often be assumed
to be the surface area measured using the nitrogen adsorption isotherm (BET)
method;

the density of the reducing surface sites, which 1s related to the composition
and structure of the mineral, and also to the competition between activation
and passivation;

the strength of these reducing sites, which is linked to their configuration.

Materials and methods

Asbestos
The following were used:

UICC and commercial samples;

six Canadian chrysotile samples representative of various Quebec mines,
supplied by Dr C. Jolicoeur;

two samples of short-fibre chrysotile (Johns Manville Mine, Asbestos,
Quebec), - the former obtained by sedimentation and the latter by the
treatment with phosphorus oxychloride (chrysophosphate) of the former.
These samples were also supplied by Dr C. Jolicoeur.

Other materials

These included the following:

Commercial samples: attapulgite (Senegal), fine fibreglass (borosilicate,
Johns-Manville code 104, provided by Dr F. Pott) and potassium titanate
fibres (Tismos D., Otsuka Chemicals);

mineralogical samples: wollastonite (asbestos mine, Quebec), magnetite
(Norway, laboratory code 329, containing only a few per cent of chlorite, a
usual contaminant of magnetite) and erionite (Oregon);

syn:{aetic samples: magnetite-maghemite (Fe,0,y, containing only 2% of
Fe2™),

Methods

The experimental methods have been described in detail in other papers from our
group (Zalma er al., 1987). The reactivity of the material (45 mg) in the reduction of
oxygen dissolved inaqueous medium (2 ml) is studied at 37°C, in the absence of light,
at pH 7.4 (potassium phosphate) by using the following reactions:

OH® + HCOZ —————5 CO3 + H,0 (6)

CO} +DMPO ———— (DMPO, CO5)°  (7)
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The formate anion, HCO, (I m! of M solution of sodium formate), selected for its
very high rate constant in reaction {6), can be replaced by other reactants RH, such as
ethanol, acetone, dimethylsulfoxide, etc.

DMPO (5,5-dimethyl-1-pyrroline-N-oxide, I m! of a 100 mM solution)is a radical
trapping agent, which yields a radical adduct (DMPO, C0,)0, in reaction (7). The
half-life of this adduct is of the order of one hour under our experimental conditions,
permitting a convenient quantitative measurement by electron paramagnetic reso-
nance. The time of addition of DMPQ is taken as time origin. Aliquots are withdrawn
after 25 and 60 min, filtered (0.65 um) and immediately examined by EPR. All the
results given in Tables 1, 2 and 3, with intensity of the signal (DMPO, CO,) ~are based
on the same arbitrary scale, which can be considered as an index of the activity of the
solid material in the reduction of oxygen to OH'. Standardization of the number of
OH' radicals formed and consumed in reactions (6) and (7) is effected with a solution
of diphenyl-aa-picryl-8-hydrazyl (DPPH) in benzene. A signal with an intensity of
1000 on our scale corresponds to the formation of 2 X 1014 radicals (DMPO, CQ,) B
per mg of the material.

Table 1. Relative activity of materials in the reduction of G, to OH™

Material (DMPG, CO,) signal intensity
After 25 min After 60 min
Inactive
Attapulgite (Senegal) 0 7
Wollastonite {Asbestos, Quebec) 0 27
Magnetite-maghemite (MAG 2) 0 0
Magnetite (mineralogical sample) . 35 37
Chrysotile UICC (A, Rhodesian) 25 30
Crocidolite UICC 25 40
Amosite UICC 30 50
Fine glass fibres (J.M. 104) 33 32
Potassium titanate fibres (Tismos D) 0 14
Erionite (Oregon) 45 20
Active
Chrysotile (commercial) 1800 1560
Chrysotile UICC (B, Canada) 1200 600
Nemalite (Asbestos) 200 3000
6 chrysotile samples from different
Canadian mines 200-2700 1000-2200
Controls 10 15

9The samples of wollastonite, magnetite (mineralogical sample), nemalite, erionite and commercial
chrysotile were stightly ground several weeks before use. Prior washings with hot benzene to remove
adsorbed organic impurities do not significantly change the results. All intensities are given to + 20%
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Table 2. Reactivity of materials after activation?

Materials and treatment (DMPO, COZ)_‘ signal intensity

After 25 min After 60 min

(A) Activation by grinding

Crocidolite {commercial} 700 1000

Crocidolite UICC 640 600

Amosite UICC 850 1000
(B) Activation by Fe?t exchange

Erienite 700 200
(C) Activation by GSH treatment

Chrysotile UICC (A, Rhodesian} 110 130

Magnetite-maghemite (MAG 2) 80 130

Crocidelite UICC (not ground} 50 . 240

%The controls are the same as in Table 1. Amphiboles were hand ground in an agate mortar for I min. Cation
exchange for erionite was effected by treatment in aqueous medium (pH = 3.2) with a 0.1M sclution of
FeCl,, stirring for 3 h, and then washing with distilled water. Activation by glutathione (GSH), a weak
reducing agent, was effected by addition of this cempound directly to the reactor (0.78 X 10-3 mol 1-1)
together with buffer, mineral and formate; DMPO was added a few minutes afterwards. All intensities are
given to 330%.

5The material was used 5 min after grinding.

Table 3. Reactivity of materials after passivation?

Materiai and treatment (DMPO, CO,)  signal intensity

After 25 min After 60 min

Chrysotile UICC (A, Canada) after
16 h in buffer medium 20 15

Crocidolite UICC, ground, then 2 hin
buffer and 1 h ultrasonic treatment 15 &}

Crocidolite UICC ground, then
exposed to air:

for I day 220 180

for 20 days 230 170
Chrysotile, Quebee, short fibres 490 225

‘Chrysophosphate’ obtained from

above short fibres 135 75

9The controls are the same as in Table I and intensities are given to & 20%.
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Results

The results obtained with mineral fibres, without treatment, after activation
treatment and after passivation treatment, are shown in Tables 1-3.

Magnetite {a non-fibrous material) was studied because it is a frequent
contaminant of many of the chrysotile samples. Nevertheless, it should be noted that
the very weak activity of the mineralogical sample is prebably due to the presence of a
very small amount of another mineral, namely chlorite. The studies of Zalma (1988),
and Costa et al. (unpublished data), in fact, show that the activity of magnetite
increases very strongly as a function of the chlorite content of the mineralogical
samples.

In tests conducted with very active solids under the usuval conditions, but with the
radical trap added to the filtrate (i.e., after incubation of the solid in the medium and
subsequent filtration), radical formation was not detected, showing that the activity,
at least in essentials, is localized on the solid-liquid interface.

In experiments conducted with the addition of hydrogen peroxide, according to
the technique of Weitzman and Graceffa (1984), but with formate also added to the
mediom, we obtained (DMPO, CO,)' signals whose intensities, in comparison with
those obtained in the reduction of oxygen, were either of the same order or even lower
for the very active materials in Table 1, such as UICC chrysotile (B), or very high for
the inactive materials in Table 1 containing only Fe3* such as magnetite-maghemite
(MAG 2). ,

We should also like to point out that other studies by our group (Costa ef a/.,
unpublished data) have shown that, whereas iron oxides are only slightly active in the
reduction of oxygen to OH', certain materials containing Fe?", in particular,
phyllosilicates and carbonates, have an activity of the same order as that found for the
very active asbestos varieties in Tables | and 2.

The addition of an iron chelator, deferroxamine, to the reaction medium leads to
the passivation of the surface activity, the signal intensity of (DMPO, CO,) ~ becoming
negligible (see Zalma, 1988).

If we convert cur arbitrary intensity scale into the number of radicals produced, we
obtain, for an amphibele (crocidolite or amosite) with a surface area of 5 m2/g and
giving an intensity of 1000, about 105 radicals fora fibre 5 um in length and 0.4 ym in
diameter,

Discussion

Table 1 contains two categories of materials, namely inactive or slightly active and
highly active.

The inactive or slightly active materials in our model system, i.e., those giving a
signal intensity equal to or less than 20-40 are:

—  either materials which do not contain Fe?*, such as attapulgite, erionite, fine
glass fibres, potassium titanate fibres and wollastonite from Asbestos
{Quebec),
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— or materials containing Fe2, but coated with a passivation sheet, resisting
dissolution or deaggregation in our model medium. This is the case with
magnetite, chrysotile A (where the Fe?t is essentially in the accompanying
magnetite) and also UICC amphiboles ground several years previously.

The highly active materials in Table 1 are those in which the dissolution of the
passivation sheet in our model system allows the appearance of a high density of
reducing sites linked to Fe?t. All the samples of Canadian chrysotile and nemalite
belong to this category. Here, we may consider that the immersion of the mineral in the
solution of potassium phosphate is equivalent to an activation treatment by partial
lixiviation of the oxidized surface sheets rich in Mg2*, This lixiviation process is
accelerated by the corresponding precipitation of a double phosphate of Mg2™ and K,
as we confirmed in the case of nemalite.

We may therefore consider all the mineral samples exposed to humid air for long
periods as having been passivated. Their activation will always require a certain
modification of the surface sheet. By analogy with organic compounds, we can say
that the reducing activity of these minerals in a biological medium will be a function of
the metabolism of their surface.

The activation of amosite and crocidolite, which are richer in Fe2t than chrysotile,
does not take place spontaneously in our model medium (Table 1). The passivation
sheet, probably formed of Fe** oxyhydroxycarbonates, would not be soluble in this
medium. Nevertheless, the surface activation of these amphiboles will be a relatively
easy process, and can be brought about by:

— grinding {cf. Table 2);

— splitting parallel to the fibre axis, a process which has been demonstrated in
biclogical media, particularly by Cook er al. (1982); or

— dissolution of the passivation sheet in the biological medium by various
reactants having reducing and complexing properties.

The activation of an inactive chrysotile (A, Rhodesia) in our reaction medium, is,
no doubt, a more difficult process. However, the surface properties of mineral
samples, apparently similar on a rapid examination by X-ray diffraction, may vary.
Another sample of Rhodesian chrysotile (from other deposits or different sections of
the same deposit) would probably show marked reducing activity. In the same way,
while all the Canadian samples are active, those from different mines do show distinct
differences in activity, linked to their accessible surface area, the nemalite content, etc.
The reducing surface properties of inorganic materials are therefore very sensitive to
parameters not generally taken into account during their prior characterization.

Independently of the activation modes mentioned above for the amphiboles and
chrysotile, other activation phenomena may also be anticipated in a biological
environment, such as:

— Enrichment of the Fe2™ on the surfaces due to an exchange of cations. In
particular, this phenomenon can be expected for materials possessing strong
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cation exchange capacity (CEC), such as erionite, but it remains to be
determined whether this phenomenon can play a role in certain sites of the
biological environment.

—  Cell enrichment in iron-rich proteins (Stroink er al., 1987), with adsorption
on mineral particles and corresponding changes in conformation and redox
properties. This phenomenon has yet to be studied. It may be considered as
the precursor to the formation of ferruginous bodies, something that takes
place with all the mineral particles except silica.

—  Superficial reduction of Fe3t in the particle by biological reducing systems
(such as NADPH P450, ascorbate, etc.). Our experiments (limited to the
action of glutathione) have not yet advanced sufficiently to enable us to judge
whether this activation process takes place.

Neither can we exclude a combination of these three activation modes, ¢.g., the
adsorption of iron-rich proteins, followed by a partial reduction tolFeT", leading either
to the deposition of ferrous compounds or to an accumulation of Fe?t as
exchangeable cations when the CEC is high. These three activation modes are
mentioned here only as a hypothesis, with reference to earlier animal experiments
(Pott et al., 1976; Stanton et al., 1977), which showed that materials free of Fer*, and
even of Fest (fine glass fibres, alumina, dawsonite) are capable of inducing
mesothelioma.

The number of OH" radicals produced can also be very high for all the iron-
containing materials, e.g., asbestos (Eberhardt et al,, 1985; Weitzman & Graceffa,
1984) when the model system or the cellular compartment contains hydrogen peroxide
(Goodglick & Kane, 1986). The bioavailability of H,O, being low and the reactivity of
asbestos in the production of OH' radicals from H,0, being less than that of the very
common pollutants, such as haematite (Fe,0;a), goethite (FeOOHa) and magnetite
(Fe;0,), it would seem difficult for this mechanism to play the principal rolein cancer
induction.

The passivation of surface active sites is brought about more or less rapidly by the
action of atmospheric oxygen, Passivation is accelerated by treatment in an aqueous
medium (as with short fibres obtained by sedimentation, for example) and even more
by ultrasonic treatment. Such passivation can perhaps explain the negative results
obtained in some in vitro experiments. In this case, a process of prior activation of the
particle surface would be necessary for a better evaluation of the biological activity of
the samples. Wemay even ask whether the evidence produced by Cleveland (1984) for
the mutagenic properties of a freshly ground mineralogical sample of an amphibole
was not linked to these phenomena.

Greater passivation, effected, e.g., by coating the fibres with polyphosphate
(chrysophosphate), can more efficiently prevent any reactivation in a biological
medium, insofar as this coating is quite insoluble and contains very little iron.
Passivation of magnetite should also be emphasized, the external sheet being more
probably Fe,0,y (maghemite), whose oxygen lattice is the same as that of magnetite
in bulk. The perfect continuity of the two mineral species makes the inner Fe?* almost
inaccessible.
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The properties demonstrated in our studies are, in essentials, linked to the Fe?™-
Feit couple, but we cannot exclude the possibility that other redox couples, such as
Cut-Cu2* or Ni*t-Ni2*, can also play a role in other inorganic compounds, particularly
if the weak valency is stabilized by ligands possessing a sirongly electron-donating
character. These reducing properties are not limited to fibrous particles and may
perhaps explain the excess of cancers sometimes observed in miners {(Axelson, 1986).

Nevertheless, fibres do have some properties not found with other types of
particles. In comparison with an isometric particle, e.g., a sphere, a fibrous particle of
the same material and same weight has a larger external surface. Hence, for the same
density of reducingsites, a fibrous particle can produce a much greater quantity of free
radicals intracellularly, more easily distributed in the cell. Based on the experimental
data of Stanton, we have previously shown (Bertrand ef ol., 1980; Bonneau et al.,
1986b) that, for samples of equal weight and having the same crystalline and chemical
character, introduced into the pleural medium, the probability of obtaining pleural
tumours increases with increasing average length and decreasing average diameter of
the fibre samples. For any given diameter, when the length of the phagocytosed fibres
is increased, the surface area also increases. A decreaseinthe average diameter leads to
an increase in the surface area of the injected sample as a whole.

A second parameter, related to the retention time of the particles in the target
biological tissue, no doubt plays a fundamental role in greatly enhancing the toxicity
of fibrous particles. Wagner er al. (1984) have shown that particles having a
pronounced fibrous texture are more slowly cleared from the pleural medium. An
appreciable retention time may favour the activation of surfaces.

Finally, as regards inhalation, since the probability that a particle will reach the
lungis a function of its acrodynamic diameter, for any given value of this diameter, the
surface area of a fibre is much greater than that of an isometric particle.

Among the fibrous minerals, those which appear capable of causing oxidative
stress in the lungs are those having an intense reducing activity, so that frec radicals are
produced in such numbers that the intracellular defence mechanisms are swamped. In
a mesothelial medium, the dimensional characteristics of fibres are such as toincrease
the retention time, so that complementary activation processes may occur, as
compared with the simple dissolution of the passivated surface.

The highly carcinogenic nature of erionite in the mesothelial environment may be
due to three special characteristics of this mineral;

(i) aninternal surface{accessible to reactants of small dimensions) which is large
as comparéd with the external surface, due to the presence of channels
distributed throughout the material, permitting the rapid diffusion of the
reactants;

(ii) a high cation exchange capacity, which enables strongly reducing cations,
such as Fe?™, to remain in the channels, thus conferring a strong reducing
activity towards oxygen;

(ili) the presence of highly basic sites, which may perhaps allow electron exchange
without transition metal cations being involved (Poole et a/., 1983, 1986).
Such a mechanism is currently being investigated.
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Conclusions

The phenomenon of oxidative stress, induced by the production of OH' radicalsin
a biological environment during the reduction of oxygen by the surface active sites of
certain inorganic minerals, both fibrous and non-fibrous, can play an important role
in some of the steps leading to fibrogenssis and carcinogenesis.

Inthe absence of direct contact between the fibre and the genome, it is very unlikely
that the OH’ radicals, which have a very short lifetime, will be able to attack the
macromolecules of the genome. On the other hand, it is much more probable that
there is a significant production of R radicals from relay molecules (RH) present in
the medium, with chain reactions and a considerable increase in the half-life of thefree
radicals, The RH can either be present in the cell or be produced by cellular
degradation. These molecules can also be xenobiotics, in which case they will play a
synergistic role with mineral particles (in cigarette smoke, for example),

A physicochemical mechanism has been proposed here to account for the
genotoxic activity of certain inorganic materials, including the mineral fibres, Our
conclusions now need to be confirmed (or invalidated) by establishing correlations
with the results of in vitro and in vive experiments, taking into account the phenomena
of passivation and activation of the surfaces. While our proposal has the advantage of
being in agreement with what is already known about the surface properties of
minerals, further studies are still needed before it can be accepted.
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Introduction

Occupational exposure to asbestos fibres via the respiratory route has been clearly
associated with the development of pleural mesotheliomas (IARC, 1977; Peto er al.,
1982) and to a lesser extent with the development of lung cancer, particularly in
cigarette-smoking workers (Hammond et al., 1979; IARC, 1977). Morgover, certain
epidemiological investigations have found evidence of mortality excess from gastro-
intestinal (GI) cancer in asbestos insulation workers (Doll & Peto, 1985; Selikoff ez af,,
1979). This is not surprising, since 289 of the inhaled dust, including asbestos fibres, is
transported via the mucociliary clearance mechanism to the pharynx and subse-
quently swailowed (Gross et al., 1974). Consequently, the GI tract is indirectly the
major recipient of inhaled air-borne mineral fibres. In addition, a large proportion of
the population ingest asbestos fibres through drinking-water, beverages and food
(IARC, 1977; Rowe, 1983). The majority (65%) of the water samples from 352 cities in
the United States showed detectable amounts of asbestos fibres, including chrysotile
{Millette et al., 1983). The asbestos concentrations in the water supplies of 41 cities
exceeded 10 million fibres per litre (National Toxicology Program, 1985). In
Canadian tap-water, 2-173 million fibres per litre were found (Cunningham &
Pontefract, 1971). Asbestos fibres were found in rivers and lakes, the highest
concentrations being observed near places where the mining of asbhestos (Province of
Quebec) or taconite iron ore (Lake Superior) was being carried out (IARC, 1977).
Asbestos fibres have also been found in samples of spirits (13-24 million per litre),
sherries, ports, vermouth, soft drinks (1.7-12.2 million per litre}, beer from various
countries (1-6.6 million per litre} (IARC, 1977) and in wines (2-64 million fibres per
litre (Gaudichet ef al., 1978).

The foregoing strongly suggests that ingestion of asbestos fibres may lead to an
increase in GI and possibly systemic cancer. The problem is how to prove that a
relationship exists between ingestion of asbestos fibres and such an increase and how
to evaluate the risk. The solution lies with the results of epidemiological and
experimental studies.

Experimental investigations of two types have been carried out with ingested
asbestos fibres, the first being aimed at studying the gut clearance capacity, fibre
penetration in mucosal cells, transmigration, damage to the mucosa and changes in
DN A synthesis in the GI tract, liver or pancreas. The second type is concerned with the
. chronic and/or carcinogenic effects after long-term ingestion of asbestos fibres.
Studies of this type provide the basis for evaluating the carcinogenic potential of
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chemicals, This paper will therefore focus on studies of long-term ingestion of asbestos
fibres from the point of view of toxicity and particularly of the effects on Gl
carcinogenicity.

A total of 13 papers on long-term investigations of the effects of ingested mineral
fibres were reviewed. Four important studies, on chrysotile in hamsters, and amosite,
crocidolite and tremolite in rats, from the National Toxicology Program were
unfortunaiely not yet available.

Toxicity of long-term ingestion of mineral fibres

The studies on the chronic toxicity of ingested mineral fibres were all undertaken
recently, so that combined carcinogenicity-chronic toxicity protocols were used.

Six long-term studies on ingested mineral fibres are available, which provide fairly
complete information on chronic toxicity, 2 in the Syrian hamster and 4 in rats.

Hamsters

Smith er a/. (1980) gave amosite or taconite tailings at doses of 0.5, 5.0 and 50.0
mg/litre of water to male and female hamsters for 650 days. The median survival time
at 95% confidence interval for each treated group overlapped that of the controls and
the mineral fibres did not significantly alter the median survival time. The body
weights of the treated animals were also not significantly different from those of
controls. Finally, the frequency of histopathological lesions did not differ as between
the treated and untreated groups.

The second study, on hamsters (National Toxicology Program, 1983) fed with a
diet containing 19 of amosite, reported a median survival time of 55 and 84 weeks for
female and male controls respectively, as compared with 60 and 80 weeks for treated
females and males. Surprisingly, the survival rate is significantly higher (7>0.01} in
hamsters fed with the diet containing amosite.

It can be concluded from these 2 studies that ingested amosite or taconite tailings
are not toxic for the Syrian hamster. '

Rats

Four complete clinical and histopathological studies have been carried out on rats
given mineral fibres orally.

Bolton et al. (1982) gave Wistar Han rats 250 mg per week of chrysotile, amosite or
crocidolite in a margarine-complemented diet for 750 days. McConnell et al. (1983)
studied the lifetime feeding of F344 rats with a diet containing 1% of amosite or
tremolite. In another study (National Toxicology Program, 1985), F344 rats were fed
during their lifetime with a diet containing 1% chrysotile. Finally, Truhaut and
Chouroulinkov (this volume, pp. 127-133) studied the effects of chrysotile and of a
mixture of chrysotile and crocidolite (75%/25%) fibres in palm oil in Wistar Han rats
at 10, 60 and 360 mg per day for 24 months. In all these studies the survival time was
comparable for treated and control groups. The body weight gain, apart from small
variations, was not significantly affected by the ingestion of fibres. In contrast,
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consumption of the fatty vehicles, margarine (Bolion er ai, 1982) and palm oil
{Truhaut & Chouroulinkov, this volume pp. 127-133) was followed by a significant
body weight increase as compared with that of rats fed a normal diet. However, there
was no difference between rats treated with fibres and control animals.

Thus the results of all these studies are in agreement: the long-term ingestion of
asbestos fibres at high doses, as in hamsters, had no toxic or adverse health effects for
the treated rats.

Carcinogenicity of long-term ingestion of mineral fibres

Of the 13 papers on the long-term effects of ingested mineral fibres, 7 involved
chrysotiie fibres (Table 1), 6 amosite, 2 crocidolite and 1 tremolite {Table 2). Another
group of investigations (Table 3) was concerned with various mineral materials,
including talc (2 studies), taconite tailings (2 studies), beach rock powder, diato-
maceous earth, water sediments or water containing large amounts of amphiboles.
Finally, there is the group of studies on the association between different types of
fibres and between asbestos fibres and chemicals with carcinogenic potential for the
GI tract (Table 4).

Chrysotile earcinogenicity in long-term ingestion studies

The 7 studies identified, all in rats, involving ingestion of chrysotile fibres alone are
summarized in chronological order in Table 1.

Gross et al. (1974) did not observe GI tumours in rats treated with chrysotile fibres
(5% in water ad libitum), or in butter (10 mg per week, 16 weeks). Wagner et af. (1977)
reported one gastric leiomyosarcoma in 32 rats receiving 100 mg per day of chrysotile
in malted milk (no GI tumours in 16 controls), In the same year Cunningham ef al.
(1977) reported 2 studies (720 and 900 days) in which Wistar male rats received 1%
chrysotile in the diet. Only in the second study were 1 ileal sarcoma and 1 colon
carcinoma in 36 treated rats observed (no GI tumours in 30 controls). It appeared to
the authors that the evidence for the carcinogenicity of ingested chrysotile was
inconclusive, Donham ez al. (1980) studied the effects of chrysotile on the colon (10%
in diet); 3 colon carcinomas in 95 treated males, and | adenomatous polyp in 94
females were found, while 3 colon carcinomas in 155 male and 2 in 157 female controls
were also observed. Although no significant increase in tumours in treated animals
was observed, the authors considered that there was an increased probability of
asbestos-fed animals developing lesions in the colon.

Bolton er al. (1982), in a combined chronic toxicity-carcinogenicity study wnth
chrysotile in margarine (5 mg/g) added to the diet found no GI tumours in either the
chrysotile-treated or control (margarine and normal diet) groups. However, 16 other
tumours were observed in 22 treated rats and 9 in 47 control rats. The authors
emphasize the significant excess of benign tumours in the chrysotile-treated group (4
mesenteric haemangiomas). The National Toxicology Program (1985) study on
ingested chrysotile reached the following conclusions:
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Table 1. Summary of long-term ingestion studies with chrysotile ashestos fibres

Reference Dosage Observation No. of rats Remarks
time {days)? treated/
controls®
Giross et al., 1974 505 in water ad lib. Up to 630 10/5 ‘No tumour production in GI?
10 mg/week in butter, Up to 533 31/24 tract or mesothelium
16 weeks during the lifetime’
Wagner et al, 1977 100 mg/ day in 619 (MS)b 32/16 1 gastric leiomyosarcoma;
malted milk, 5 days/ week, no GI tumours
20 weeks
Cunningham er al, 1% in diet ad lib. Up to 720 7/8 1 peritoneal sarcoma in treated
1977 rats and ! in controls
125 in diet Up to 900 36/38 1 sarcoma (ileumy),
1 carcinoma {colon);
no GI tumours;
other tumours: 9/11
Donham er al., 10% in diet " Upto 960 M 95/135 3 colon carcinomas,
1980 1 perttoneal mesothelioma;
3 colon carcinomas in conirols
F94/157 1 adenomatous polyp;
2 colon carcinomas in controls
Bolton et al., 250 mg/ week in diet 750 M 22/47 Neo GI tumours; 4 mesenteric
1980 (margarine/ chrysotile) haemangiomas and 12 other
(5 mg/g) tumours (5 malignant,
7 benign); 1 peritoneal
sarcoma and 8 other tumours
{5 malignant, 3 benign) in
controls
Tumours of the alimentary
tract
Malignant Benign
National 1% in diet M up to 960 M 250/88 8/4 71
Toxicology (short-range fibres) Fupto 1015 F 250/88 9/2 13/2
Program, 1985 1% in diet (IR® fibres) M up to 1000 M 250/88 10/0 242
19 in diet (IR fibres) F up to 1020 M 250/88 4/1 6/3
PwWt chrysotile-gavaged
animals {0.47 mg/g M up toe 1000 M 100/88 5/0 710
bw/day, 21 days) F up to 1020 F 100/88 3/0 3/0
Truhaut & 10,60 and 360 mg/day 900 M70,F70 M205 7 4
Chouroulinkov® in palm oil (0.2, 1.2, per dose F209 5 4
7.2%), 24 months
Controls: palm oil/ 900 M70,F70 M137 4 . 3
diet per group F139 1 2

%M, male; F, female.

bGl, gastrointestinal tract; MS, mean survival time; PW, preweaning; IR, intermediate range,

See pp. 127-133
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Table 2. Summary of long-term ingestion studies with amosite, crocidiclite and
tremolife fibres

Reference Dosage Observation  Animal Mo, treated/  Remarks

time (days}) species controls?
Amnosite 0.5, 5.0 and 50 mg/ Up to 650 Hamster M 30, F 30 GI1? tract: 2 (M, 1P
Smith ez al., litre of water ad /ib. per dose stomach carcinomas;
1980 4 stomach (3 M, 1 F);

2 adenomatous polyps (M};
1 peritoneal
mesothelioma (M)

Controls: 2 filtered Up to 650 Hamster M 30, F 3¢ & squamous-cell
walters per group papillomas (3 M, 3 F)
1 adenomatous polyp {M)

Ward et af,, 10 mgin 1 mlsalive  Up to 665 Rat ™ 43/0 5 intestinal carcinomas;
1980 3 times/ week intra- 11 polyps

gastrically for 10

weeks + saline

subcutaneously
Hilding et al., 300 mg/day in cottage 750 Rat 20 1 leiomyoma (ileum); .
1981 cheese (50 mg/g) no cottage cheese conirols ‘
Bolton et al., 250 mg/week in diet 750 Rat 24/24 1 gastric leiomyosarcoma,
1981 + margarine/amosite 1 skin fibroma; no GI i
tumours in controls i
(others: 3 carcinomas, :
2 adenomas)
McConnell et al., [% in pelieted diet Up to 1024 Rat M 250 Alimentary tract:
1983 F 250 7 carcinomas (5 M, 2 F);
4 adenomatous
polyps (2 M, 2 F)
1% i% diet Up to 1020 Rat M 100/117 4 carcinomas
(PWw (2 M, 2 F); 2 adenomatous
chrysotile-gavaged polyps (1 M, 1 F)
animals, 047 mg/g F100/117 Controls: 4 carcinomas
bw/day, 21 days) (3M, 1 F)
2 adenomatous polyps
(iM,1F)
National Toxi- 1% in pelleted Up to 520 Hamster M 248/122 GI tumours: 8 papillomas
cology Program, diet F237/119 (4 M, 4 F); 1 (M) adeno-
1983 matous polyp; controls:
1 (M)} papilloma
Crocidolite 5and [0 mg/weekin  Up to 616 Rat 33 and 34 No GI tract tumours;
Gross et al., butter for 16 weeks respectively 1 lymphoma
1974 Butter (as above) Up to 644 Rat 24 No GI tract tumours;
5 other malignant tumours
Bolton et al., 250 mg/ week in 750 Rat M22 No GI tract tumours;
1982 diet + margarine/ 6 other tumours
crocidolite (5 mg/g) No GI tract tumours;
Margarine/normal 750 Rat M 24/24 other tumours: 5/3
diet
Tremolite 1% in diet Up to 1020 Rat Alimentary tract
McConnell ef al. M250 6 carcinomas,
1983 2 papillomas, 3 polyps
F250 6 carcinomas,
2 papillomas
Controls Up to 1020 M Iig 4 carcinomas,
2 papillomas, ] polyp
Fiig 2 carcinomas, [ polyp

M, male, F, female; ba, gastrointestinal; PW, preweaning
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Table 3. Summary of long-term ingestion studies with various mineral fibres and

materiaks
Reference Test material Dosage Cbservation Animal No.® Remarks
time (days)  species
Gibel er al., Tale 50 mg/kg 649 (MS)"J Rat 45 N0 GI tumours; 3 tiver
1976 bw/day in diet carcinomas, 4 mamimary
fibroadenomas. In 4%
gontrols: 2 liver car-
cinomas and 5 mammary
fibroadenomas
Wagner et al., Tale 100 mg/day in 614 (MS)b Rat 32 1 gastric leiomyosarcoma.
i977 matted milk, 5 - Mo tumours in 16
days/week, 20 control rats
weeks
Smith et al., Taconite 0.5, 5.0 and Up to 650 Hamster M 3G, 6 forestomach papillomas
1280 tailings 50.0 mg/litre of F30 (2 M, 4 F) 2 adenomatous
{cummingionite/ water (0.45 ym per group polyps (M), Other
grunerite and filtered ad lib. tumours: | uerine leio-
quartz) Reserve myosarcoma, & benign
Mining Corpora- {5M, 1F)
tion, Silver
Bay
Pulverized 5.0 and 50.0 Up to 650 Hamster M 30, 5 forestomach papillomas
beach rock mg/litre of water F30per (3M,2F), 1colon
(0.45 pm fil- group {eiomyosarcora (). Gther
tered) ad lib. tumoenrs: 3 malignant (2 M,
1 F) 5 benign (4 M, 1 F)
Control 0.45 um, and  Up to 650 Hamster M 30, 5 forestomach papillomas
0.1 pum filtered F3per (3M,2F), 1 (M)adenomatous
waters {Lake group polyp, 1 larynx papilloma ().
Superior) Cther tumours: | (M) lymphoma,
6 benign (3 M, 3F)
Hiiding er al,, Diatomaceous 20 mg/dayin  Up to 840 Rat 30 1 peritoneal mesothelioma,
1981 earth cottage cheese 1 salivary gland carcinoma,
1 skin cancer, 2 uterine
sarcomas, 13 benign (9 breast,
1 adenoma, 3 pancreas)
Water sediment 5 X (P Upto 840  rat 22 1 lung eancer, I skin
{Lake Superior) amphibole {ear) cancer, I uterine
fibres/ sarcoma 7 benign {3 breast,
litre of water 2 pancreas)
Taconite tailings 10 X 1010
{Res. Min. Co., amphibole Up to 840 Rat 30 1 neck sarcoma, 1 chest
Silver Bay) fibres/ wall sarcoma, 1 lymphoma,
litre of water 11 benign (9 breast, 1 adrenal,
[ pancreas)
Unfiltered 10 > 107 Up te 960 Rat 28 I salivary gland carcinoma,
Duluth amphibole fibres 1 skin cancer, 1 uterine sarcoma,
city tap water  per litre 1 lymphoma, 9 benign (breast)
Filtered water 108 amphibole Upto %0  Rat 27 1 forestomach carcinoma,

fibres per litre

I lung cancer, 1 ovary
carcinoma, 5 benign (breast)

34, male; F, female.

bGI, gastrointestinal tract; MS = mean survival time.
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Table 4, Summary of leng-term ingestion studies with asbestos fibres in combinstion
with other materials

Reference Combination Dosage Observation  No. of Remarks
time (days)  rats®
Ward et al., Amosite + saline 10 mg/ml saline ~ Up to 665 48 5 intestinal carcinomas,
1980 (s¢) intragastrically 11 polypoid tumours
3/ week 10 weeks
Amosite + As above Up to 665 48 18 iniestinal carcinomas,
azoXymethane 7.4 mg/kg, once 24 polypoid tumours
a week, 10 weeks
(sc)
Saline + | ml intra- Up to 6635 49 12 intestinal carcinomas,
gastrically, 3/ week, 37 polypoid tumours
10 weeks;
azoxymethane 7.4 mg/kg, once a
week 10 weeks
McConnell ef @, Amosite + 1% in diet for Up to 1020 M 175 Animals with GI1% tract
1983 lifetime (primary) necplasms:
pMa? 7.5 mg/kg (M) F 175 M 118 (68%), F 114 (65%)
15.0 mg/ kg (F)
gavage once a
week, 5 doses
DMH-control® As above Up to 1020 M 125 Animals with GI? tract
(primary) ncoplasms:
F 124 M 92 (74%), F 77 (62%)
National Toxi- Chrysotile 1% in diet Up to 1020 M 175 Alimentary tract tumours:
cology Program, (intermediate- F 175 M: malignant 58, benign
1985 range) + 93; F: malignant 66,
pMH? 7.5 mg/kg (M) benign 96
(gavage) 15.0 mg/kg (F),
gavage once a
week, 5 doses
DMH controls As above Up to 1020 M 125 Alimentary tract tumours:
M: malignant 20, benign 63;
F 125 F: malignant 43, benign 71
Gibel et al., Powdered filter 50 mg/kg 441 (MS)® 42 2 forestomach papillomas.
1976 material (52.6% bw/day in diet Other tumours; 12
chrysotile, 47.4% malignant, 5 benign
nature unknown) b
Controls 702 (MS)* 49 No GIY tumours. Other
tumours: 2 malignant,
5 benign
Hilding er al., Chrysotile for 210 20 mg/day Up to 870 30 No GI¥ tumours. Other
1981 days followed by in cottage cheese tumours: 4 malignant
amosite 20 mg/day (1 mesothelioma, chest
in cottage cheese wall), 17 benign (15 breast
fibromas). In 28 control
rats: 3 carcinomas (1 fore-
stomach) and 5 fibromas
Tumours of the alimentary
tract:
Malignant Henign
Truhaut & Mixture 10,60 and 360 900 M 70 M 207 2 7
Choumu]inkovf of chrysotile/ mg/day in palm oil F 70 per F 208 3 i
crocidolite (0.2, 1.2 and 7.29%) group
(75%1 25%) for 720 days
Controls Palm oil and 900 M 70 M 137 4 3
normal diet F 70 per F 139 ] 2
group

M, male; F, female; bDMH, dimethylhydrazine dihydrochloride; GI, gastrointestinal tract; ‘For amosite controls, see
Table 2; ¢For chrysotile controls, see Table 2; €MS = mean survival time;fScc p. 127-133,
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1. withshort-range (SR) chrysotile fibres (19 in the diet for lifetime) there was no

evidence of local {GI) or general carcinogenicity in either male or female rats;

2.  withintermediate-range (IR} chrysotile fibres, there was again no evidence of

local {GI) or general carcinogenicity in female rats. However, there was some
evidence of carcinogenicity in male rats, as indicated by an increased
incidence of adenomatous polyps (AP) in the large intestine {20 AP in 250
male rais and 0 in 88 controls). It should be noted, however, that, with the
same IR fibres in 100 preweaning (PW) chrysotile-gavaged male rats, only 4
AP were observed in 100 PW female rats. This difference in response lacks
any rational explanation,

Finally, in a study with chrysotile fibres in palm oil (10, 60 and 360 mg per day, 24
months), no excess of local {GI) tumours or any general tumour increase was found in
treated animals (Truhaut & Chouroulinkov, this volume, pp. 127-133).

In conclusion, the results of the above studies indicate that only the intermediate-
range chrysotile fibres, 1% in the diet, significantly increase the incidence of AP in the
large intestine of male rats,

Amosite carcinogenicity in long-term ingestion studies

The 6 studies identified on the long-term ingestion of amosite are summarized in
chronological order in Table 2. Except for one study in which Syrian hamsters were
used, rats were used in these studies.

Amositefibres, 0.5, 5.0 and 50.0 mg/ litre of water ad libitum, were given to Syrian
hamsters (30 males and 30 females per group) for 650 days. In the treated {180)
hamsters, 8 GI tumours were observed as compared with 7 in 120 controls (Smith er
al., 1980). In the same year, Ward et al. (1980) reported § intestinal carcinomas and 11
polypoid tumours in 48 male F344 rats after intragastric administration of amosite (10
mg/ml saline). This GI tumour frequency (32.6%) is very high. However, probably
because of the absence of any real control groups, the authors concluded that the
experimental evidence suggested but did not prove that oral asbestos exposure may
have increased the incidence of intestinal tumours. One year later, Hilding ez al. (1981)
reported 1 ileal leiomyoma in 28 rats treated with 300 mg per day of amosite in cottage
cheese (no GI tumours were found in 28 control rats). Boiton er al. (1982) found 1
gastric leiomyosarcoma in 24 Wistar Han male rats receiving amosite in margarine (5
mg/ g) incorporated in the diet {(no GI tumours in 24 margarine controls). McConnell
et al. (1983) administered amosite (1% in diet for the lifetime) to normal and PW
chrysotile-gavaged male and female rats. Inall normal (500) and all PW (200) rats, 11
and 6 GI tumours, respectively, were reported; in 234 control rats, 6 GI tumours were
found. Thus, no increase in GI tumour frequency related to the amosite treatment was
observed. In a similar study, amosite (1% in diet) was given to male and female Syrian
hamsters for their lifetime; 9 benign GI tumours (8 papillomas, | AP) in 485 treated
hamsters were reported (only 1 papilloma was found in 241 controls) {(National
Toxicology Program, 1983).

In conclusion, the administration of amosite via the oral route to male and female
Syrian hamsters and rats did not affect the incidence of GI tumours.
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Crocidolite and tremolite carcinogenicity in long-term ingestion studies

Two studies with crocidolite were identified. No G1 tumours were observed either
in Wistar rats fed with crocidolite in butter (Gross ef a/., 1974) or in Wistar Han rats
receiving crocidolite in margarine (5 mg/g) incorporated in the diet {(Bolton et al.,
1982).

In the only study on tremolite, 1% in diet was given for lifetime to F344 rats and 11
and 8 GI tumours were observed in 250 male and 250 female rats respectively. In the
controls, 7 and 3 GI tumours were observed in male and female rats, respectively (118
of each sex). The GI tumour frequency did not differ, therefore, as between the treated
and control groups (McConnell ef al., 1983).

Long-term ingestion study of carcinogenicity of various mineral fibres and materials

The results of the studies with various mineral fibres and materials are summarized
in Table 3. Most of these studies are concerned with asbestos water pollution, i.e., with
conditions closer to those of real human exposure. The materials used are represen-
tative of the water pollution in areas where taconite iron mining is carried on (Lake
Superior) (IARC, 1977).

Two studies deal with taconite tailings. In the first, in which taconite tailings (0.5,
5.0 and 50.0 mg/litre of filtered water} were given for lifetime to Syrian hamsters, 6
forestomach papillomas and 2 AP were observed in all 180 treated hamsters. This
incidence of GI tumours was the same as that in the 2 control groups (Smith e al.,
1980). In the second study with taconite tailings (19 X 10'® amphibole fibres per litre of
water) given to Sprague Dawley rats, GI tumours were again not observed. In thesame
study, water sediment (Lake Superior) (5 X 109 amphibole fibres per litre of water) and
unfiltered Duluth city tap-water (10 X 107 amphibole fibres per litre) were given to 22
and 28 rats respectively. In neither groups were any GI tumours observed, while 1
forestomach carcinoma was found in 27 rats receiving filtered water (10° amphibole
fibres per litre) (Hilding ez al., 1981). Smith et a/. (1980} studied pulverized beach rock
at 5.0 and 50.0 mg/ litre of 0.45 um filtered water in Syrian hamsters. After 650 days9
GI tumours in all (120) hamsters were observed, so that the incidence was the same as
in the control groups (7 GI tumours in 120 animals).

In addition, talc was studied in rats (50 mg/kg body weight per day in the diet)
(Gross et al., 1974) and at 100 mg per day in malted milk (Wagner et al., 1977). No GI
tumours were reported in either the treated rats or the controls in the first study and 1
gastric leiomyosarcoma in 32 rats (none in 16 controls) was observed in the second.

Finally, Hilding er al. (1981) administered diatomaceous earth (20 mg/day in
cottage cheese) for lifetime to rats. No GI tumours were found.

Conclusions

The various asbestos fibres, as well as possible and known water pollutants, such as
taconite tailings, water sediment, unfiltered water containing large numbers of
amphibole fibres, etc., did not modify GI tumour incidence in rats or hamsters after
long-term ingestion.
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Long-term studies with asbestos fibres in combination with other materials

In onestudy (Gibel er al., 1976), powdered filter material ina diet containing 52.6%
chrysotile was given to 42 rats. Two forestomach papillomas and 17 other tumours (12
malignant, 5 benign, were observed in treated animals and no GItumours but 7 other
tumours (2 malignant, 5 benign) in 49 control rats. The large number of tumours in the
treated animals cannot be attributed to the chrysotile since the chemical nature of the
47.49% of filter powder was unknown.

Two studies concerned combinations of different types of asbestos fibres. In the
first study, chrysotile {20 mg/ day in cottage cheese) was given to 30 rats for 210 days,
after which it was replaced by amosite until the end of the experiment (870 days). No
G1 tumours were observed. In parallel groups, 1 leiomyoma (ileum) in 20 amosite-
treated rats, and | forestomach carcinoma in 28 control rats were observed (Hilding et
gl., 1981). In the second study, a mixture of chrysotile/ crocidolite (75%/25%) in palm
oil was given at 10, 60 and 360 mg per day to Wistar Han rats. No difference in the
incidence of GI tumours was found as compared with the controls (palm oil, normal
diet) or the chrysotile group (Truhaut & Chouroulinkov, this volume, pp. 127-133}.

In 3 other investigations, asbestos fibres were associated with chemicals with
carcinogenic potential to the GI tract, such as azoxymethane (AOM) or dimethyl-
hydrazine dihydrochloride (DMH).

Ward et al. (1980) treated 48 rats with amosite {intragastric) and AOM
(subcutaneous), 49 rats with AOM alone, and 48 rats with amosite, and observed 42,
49 and 16 GI tumours respectively. In view of these results, it is not easy to evaluate the
effect of the combination, since there is no control group and the amosite group
exhibited a large number of GI tumours.

In 2 other studies, amosite or chrysotile (1% in the diet) were combined with DMH
(7.5 mg/kg for male and 15.0 mg/kg for female rats; gavage). In the first study,
amosite did not increase GI tumour frequency. In the DMH-treated group, 74% and
629% of male and female rats respectively developed GI tumours. In the amosite +
DMH treated group, the frequency was 68% and 65% repectively (McConnell et al.,
1983). In the second study, 151 and 162 GI tumours were observed in 175 male and 175
female rats respectively, treated with chrysotile (intermediate range) + DMH. In the
DMH control group there were 83 tumours in 125 male rats and 116 in 125 female rats.
The conclusion reached is that ‘IR chrysotile asbestos did not appear to influence the
rate of neoplasia induced by DMH in the intestine’ (National Toxicology Program,
1985).

Thus it can be concluded that chronic ingestion of amosite and chrysotile
(intermediate-range) fibres did not influence the rate of neoplasia induced in rats
either by AOM or DMH, and there is therefore no evidence of any cocarcinogenic
effect of the asbestos fibres studied.

Discussion

Analysis of all the long-term mineral fibre ingestion studies which are adequate in
terms of quantity and quality shows no evidence of toxicity and very little evidence of
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carcinogenic potential, Only IR chrysotile fibres (1% in the diet) slightly increased the
formation of AP in the large intestine of male F344 rats (National Toxicology
Program, 1983). It should be noted, however, that some authors felt that there might
be some relationship between colon tumour development (Bonham et al., 1980) or
between peritoneal haemangiomas and chrysotile ingestion (Bolion ef af., 1982). At
the same time, AP were not observed in another study with chrysotile or with a
mixture of chrysotile and crocidolite at high doses {Truhaut & Chouroulinkov, this
voiume, pp. 127-133), in which an aitempt was made to analyse the factors which may
interfere with such tumour development. It was found that the vehicle probably plays
animportant role. From the analysis of the data presented in Table 5, it appears that,
when fatty vehicles are used for asbestos fibre ingestion, no AP develop. Whennormal
pelleted diet is used, AP are observed in both treated and control animals. If the
chrysotile (IR, 19) group, which gave positive results in rats (Table 5) is excluded,
there is no statistically significant increase in AP frequency in treated animals. When
this group isincluded in the total diet data, the AP frequency is significantly increased.

Table 5. Adenomatous poiyps (AP) observed in long-term ingestion studies with
asbestos fibres in rats®

Reference Type of asbestos In treated rats In controls
Mb F? M P
Diet
Donham et gl., 1980 Chrysotile (10%) 0/95 0/94 /1355 0/157
MecConnell ef al., 1983 Amosite (1%) 3/350  3/35 1117 1/117
Tremolite 3/250  0/250 0/118 0/118
National Toxicology Chrysotile (SR) (19%) 4/248 6/244 0/88 2/88
Program, 1985 Chrysotile (IR%) (1%) 20/250 3;250  0/88 0/88
Chrysotile (IR9} (1%) 4/100€  9/100¢
Fat
Bolton ef al., 1982 Chrysotile, amosite, 0/68 - 0/48 -
crocidolite (margarine/ diet)
Truhaut & Chrysotile, crocidolite 0/412  0/417 0/138 0/137

Chouroulinkov/

(in palm oil)

No. of AP/No. of rats.
bM, male; F, female,
€S8R, short-range fibres.

4R, intermadiate-range fibres.

€In preweaning chrysotile-gavaged animals.

SSee p. 127-133



Experimental studies on ingested fibres 123

The same type of analysis was applied to all GI tumours in all experiments in
relation to the vehicle used {Table 6). When the data are comsidered in this way, it
appears that, in general, asbestos fibres incorporated in the diet significantly increase
the GI tumour frequency (p<0.001). When fat or water is used as vehicle, no evidence
of any increase in tumour frequency related to asbestos fibres is found. Thus the diet
used as a vehicle in the ingestion of asbestos fibres by laboratory animals plays a part
. in the increase in GI tumours in animals treated with asbestos fibres. The mechanism
of this interaction between diet and asbestos fibres is currently unknowmn.

Table 6. Gastrointestinal tumours {data from all experiments) in relation
to the vehicle used

Vehicle Treated animals Controls r
No. of No. of No. of No. of
tumours animals tumours animals
Diet 149 3204 28 1470 0.001
Fat 21 995 10 471 Nsb
Water 25 570 9 175 Nsb

“Butter, margarine or palm oil.
bNS, not significant.

The next stage was to determime which asbestos fibres are involved in the
increase in GI tumours. The data from all the studies with regard to the type of
fibre used (Table 7) give a clear response. From these data, only chrysotile fibres in
long-term ingestion studies significantly increase the Gl tumour frequency
(p<<0.001). The other asbestos fibres — amosite, crocidolite, etc. — did not show
any such effect.

Table 7. Alimentary tract tumours ocbserved in long-term ingestion studies
with asbestos and other mineral fibres®

Type of fibre Treated animals Controls P

No. of * No. of No. of No. of

tumours animals tumours animals
Chrysotile 125 1941 30 1078 0.001
Amosite 24 924 13 406 Ns?
Crocidolite 0 89 0 72 NS
Tremolite 17 500 10 236 Nsb
Other mineral 18 477 8 212 Nsb

fibres

2All the experimental data (species, sexes, vehicles) have been combined.

NS, not significant.
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The conclusions as to the role of the diet (the vehicle) and of chrysotile fibres in GI
tumour increase in long-term ingestion studies are based on the analysis of the
combined results of a large number of experiments, which individuaily may be
negative, equivocal, inconclusive or only slightly significant. The validity of such an
analysis and the statistical significance of the results will depend on the factors taken
(or not taken) into account, and which reduce, eliminate or increase this significance
(Doll & Peto, 1985). In studies on the long-term ingestion of asbestos fibres many
factors must be considered. Apart from the types of asbestos fibre used and the vehicle
(diet), they include factors such as the dose, the treatment and cbservation periods, the
species and strains of the experimental animals used, sex, age at beginning of
treatment, the number of animals, laboratory conditions and possibly others. Sucha
multifactorial analysis was impossible to carry out at the present time. The author
therefore strongly suggests that such an exercise should be conducted when the data
from the National Toxicology Program on chrysctile in hamsters, and amosite,
crocidolite and tremolite in rats, become available.

In the meantime, it should be borne in mind that chrysotile would appearto be a
potent carcinogen for the GI tract of animals in long-term ingestion studies. Thisisin
agreement with the finding of increased lung cancer deaths in workers exposed to
chrysotile as compared with those exposed to crocidolite and with the close
correlation between the standardized mortality ratios for lung and GI cancer (r=0.916,
p<0.001) (Doll & Peto, 1985), and also with the results obtained in in vitro cell
systems. Chrysotile was more cytotoxic than amosite and crocidolite iz vitro to human
embryonic intestinal cells (Reiss e af., 1980). Chrysotile also induced aneuploidy in
human lymphocytes in vitro (Valerio et al., 1983} and in Syrian hamster embryo
(SHE) cells (Oshimura ez al., 1984), induced the formation of binucleated cells
(Jaurand ef al., 1984), as well as morphological transformation in SHE cells
(Hesterberg & Barrett, 1984) and promoted the cloning efficiency of rat lung epithelial
celis (Michiels er al., this volume, pp. 000-000). In spite of all these convergent results,
however, it would be premature to try and evaluate the risk of increased human GI
cancer due to ingested chrysotile fibres. The forthcoming data from long-term
ingestion studies in the USA (National Toxicology Program, 1985) and a more careful
analysis of the data for both GI and other tumours may make it possible to reach more
reliable conclusions as to the carcinogenicity of asbestos fibres for experimental
animals and eventually for evaluation of the risk to humans.

In summary, the data on the long-term ingestion of asbestos fibres, analysed
globally, indicate that chrysotile significantly increases the number of G1 tumours,
particularly when incorporated in the diet. Crocidolite, amosite, tremolite and other
amphiboles did not exhibit such an effect. This findingis in agreement with the excess
of lung cancer deaths in workers exposed to chrysotile and with the results obtained in
invitro cell systems. However, a re-evaluation of the long-term ingestion studies when
further results are available is recommended.
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Summary. The effects of ingested asbestos fibres were studied in Wistar Han rats.
Chrysotile and a mixture of chrysotile/ crocidolite (75%/25%) in palm oil were
given for 24 months to 70 males and 70 females per group (daily doses 10, 60 and
360 mg); one control group was fed with normal diet, a second with normal diet
plus palm oil. The animals were observed for a further 6 months after the end of the
treatment. The results indicate thatingestion of asbestos fibres at high doses had no
toxic effects and did not affect animal survival; in addition, there was no evidence
of carcinogenic effects,

Introduction

Asbestos fibres have been found in lakes, rivers and drinking-waters, in beverages,
beer, soft drinks, in food {IARC, 1977) and in wines (Gaudichet et al., 1978). This
widespread human exposure via the oral route and/ or via the respiratory route, the
pulmonary clearance mechanism leading to swallowing of the fibres after inhalation
(Gross et al., 1974), raises the question of local alimentary tract and/or systemic
cancer risk. The likelihood that such a risk exists is strengthened by the relation
between respiratory exposure to asbestos fibres and the development of pleural
mesotheliomas (Doll & Peto, 1985; IARC, 1977). Moreover, in some epidemiological
studies, an association was found between heavy asbestos exposure and the
development of peritoneal tumours (Newhouse et al., 1972; Selikoff e al., 1964),
However, this correlation was not confirmed by Doll and Peto (1985).

Studies on the chronic oral administration of various asbestos fibres reported
before 1981 failed to find any relation between tumour incidence and treatment both
inrats (Cunningham ez al., 1977, Donham et al., 1980; Gross ef al., 1974; Hilding et al.,
1981; Wagner et al., 1977, Ward ez gl., 1980) and in Syrian hamsters (Smith ef al,,
1980). Only Gibel er al. (1976) reported an increase in malignant tumours in rats
receiving lifetime treatment with filter material (50 mg/kg body weight per day)
containing 52.6% of chrysotile fibres and 47.49% of unknown compounds.

In view of the importance of the problem and the widespread and unavoidable
human exposure to asbestoes fibres via the oral route, it was decided to study the effects
in rats of the ingestion for 24 months of chrysotile and a mixture of chrysotile and
crocidolite fibres at different doses, incorporated in palm oil. The experimental
conditions and the results are summarized below.
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Materials and methods

The experimental protocol was drawn up and corrected after taking the advice of
i2 experts, in accordance with OECD carcinogenicity study guideline No. 451
(CECD, 1981).

Amnimals

Wistar Han SPF rats (Evic-Ceba, Bordeaux, France), males and females, 4-5
weeks old when received, were used. They were housed 5 per cage (polypropylens,
Evic-Ceba, model BC4-52,46.5 X 31.0 X 19.0 cm). After one week of acclimatization,
the animals were distributed between the experimental groups.

Asbestos fibres
Chrysotile and crocidolite asbestos fibres, UICC granulometry (electron micro-
scope controlled) were provided by Eternit Industries (Vernouillet, France).

Administration

Chrysotile alone, and a mixture of chrysotile/ crocidolite (75%)/ 25% respectively)
incorporated in palm oil (Emeraude Grade, Astra-Calve, France), were given each
morning to the animals, which had been starved during the night. At noon, the palm
o1l, with or without fibres, was removed and the normal diet (A 04 C, UAR,
Villemoisson-sur-Orge, France) provided for the afternoon. A 2-month preliminary
study indicated that rats regularly eat palm oil in measurable quantities. Ingestion of
fibres was interrupted after 24 months and the surviving animals kept under
observation for 6 further months.

Doses and experimental groups

Eight groups of 140(70 M, 70 F) rats were constituted as follows: group 0: controls
{no treatment}; group 1: controls (palm oil only); groups 2, 3 and 4: chrysotile at 10, 60
and 360 mg per day, respectively; groups 5, 6 and 7: chrysotile/ crocidolite {75%/ 25%;)
also 10, 60 and 360 mg per day (Table 1). The corresponding concentrations of
asbestos fibres in the palm oil were 0.2, 1.2 and 7.29% respectively. The mixtures were
prepared twice a month, kept in a cold room and checked for the fibre content. Animal
maintenance, the controls for toxicity, individual body weight measurement {(weekly),
post mortem and histopathology examinations were conducted in accordance with the '
OECD Good Laboratory Practice Guidelines. All macroscopic lesions and all organs
and tissues from each animal were fixed for histopathological examination.

Results

The clinical and physiological controls did not reveal any changes in animal
behaviour and in the vegetative reactions, respiratory and cardiac rhythms and retinal
sensitivity to light.

Survival after 18 months of treatment was 94% (minimum 82% for group 5, males,
and maximum 1009% for group 0, males}. After 24 months, minimum survival was 60%



Effect of long-term ingestion of asbestos 129

Table 1. Chronic ashestos ingestion in rats: groups, doses, survival and body weights

Group Dose Survival? Body weight¢

{mg/ day) (%) (g
No. Treatment Planned Ingested? 24 30 12 24 30

maonths months months months months

Male
0 Controis - - 71.4 343 550.4 574.1 5231
1 Palm-oil - - 75.7 329 583.0 662.8 558.1
2 0 104401 74.3 28.6 588.9 666.1 5443
3 iChrysotila 60 65.4+5.8 77.1 257 575.4 683.1 554.9
4 366 397.0£32.3 68.6 30.0 5943 705.5 549.2
5 10 10.4x1.1 64.3 25.7 597.2 673.5 548.7
6 i Mixtured &0 65.5t7.0 77.1 24.3 601.8 679.2 567.3
7 360 379.0+124 771 27.1 595.0 688.9 563.8
Female
¢ Controls - - 60.0 18.6 290.6 346.7 331.8
I Palm-oil - - 72.9 22.9 310.1 4146 3511
2 10 8.8+%1.2 64.0 17.1 317.8 415.7 344.0
3 € Chrysotile 60 59.81+6.8 68.6 37.1 312.0 4314 367.5
4 360 358.1+£29.9 6714 27.1 3302 4387 368.1
5 10 8.6x1.3 62.9 20.0 310.8 416.7 365.6
6 i Mixture? 60 56.716.6 77.1 38.6 326.9 437.7 360.3
7 360 359.2+436.9 757 28.6 304.0 4198 367.0

2Mean of monthly means = S.D.
bSurvival at 12 and 18 months was 100 and approximately 92%, respectively.

“Means of the body weight of all surviving animals in the group. In the first month the mean body weight
was 117.3 and 91.4 g for males and females respectively.

dChrysotile (75%) and crocidolite (25%)

(group O, F) and the maximum 77.1% for many groups (Table 1). Mortality increased
markedly during the post-treatment 6-month observation period. However, at the end
of the study, 30 months after the beginning of treatment, survival was still satisfactory,
varying between 18 and 38% (Table 1). The main causes of death were senescence and
neoplasia development.

Regularity of feeding was measured by the palm-oil and normal diet intakes. This
made it possible to follow the quantity of asbestos fibres ingested and the changes in
body weight. The measured daily doses, when compared with those in the study plan,
are slightly higher for male rats and slightly lower for female rats (Table 1). However,
if the doses are expressed in mg/kg body weight, the ingested doses are higher for
female rats. If the mean annual body weight is taken as the basis for the evaluation, the
ingested doses of chrysotile are approximately 20, 130 and 770 mg/kg body weight per
day for males and 30, 220 and 1240 mg/ kg body weight per day for females. The doses
of the mixture are approximately the same, since the variation in body weight between
the different groups is insignificant. It should be noted that body weightsin all groups
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receiving palm oil, with or without fibres, when compared with those of the control
group (group 0), are significantly higher (p<0.01) from 12 to 24 months of ireatment,
This difference disappears, however, after palm-oil ingestion is ended. A general
increase in body fat, also affecting the liver, which regressed when the normal diet was
restored, was found on histopathological examination.

Tumour pathology

The data on tumour pathology are summarized in Table 2. It should be noted that
the proportion of animals bearing primary tumours is very high, but in agreement with
previously published data for this strain of rats (von Deerberg et al., 1982). This
proportionis almost identical for all groups, both controls and treated. Analysis of the
number of tumours per animal for the different treatments gives the foliowing results:
for male groups:' ¥2=20.050, df=20, p=0.863 {not significant); for female groups:

% 2=31.728, df=35, p=0.627 (not significant).

Table I, Chronic asbestos ingestion: numbers of tumours ohserved?

Group No. of rats Tumours

with - - N

tumours/ Alimen- Perito- Respira- Others All Total

No. examined tary neal tory types

tract cavity tract
b m b m b m b m b m

0 M 67/70 1 2 0 8 6 3 %0 36 97 49 146
Controls

F 66/68 V] I v} 1 2 1] 51 85 53 87 140
1 M 62/68 2 2 2 6 4 1 70 51 78 60 138
Palm oil

F 66/69 2 0 1 2 2 0 66 87 n 89 180
2 M 63/69 3 2 2 4 1 1 67 42 73 49 122
Chrysotile
{10 mg/ day} F 68/70 1 3 0 3 1 I 53 81 55 88 143
3 M 64/68 1 3 1 8 2 1 72 45 76 57 133
Chrysotile
(60 mg/ day) F 68/70 2 2 1 3 1 2 74 69 78 76 154
4 M 64/68 0 2 2 4 4 0 64 4] 70 47 117
Chrysotile
(360 mg/day) ¥ 68/69 1 0 2 4 1 0 77 73 81 77 158
5 M 64/69 2 0 0 7 1 1 77 46 80 54 134
Mixture?
(10 mg/day) F 68/70 i 1 2 5 1 0 81 56 85 62 147
6 M 63/68 3 0 0 5 3 1 74 48 78 54 132
Mixture?
(60 mg/ day) F 68/70 0 0 1 6 0 1 94 74 94 81 175
7 M 83/70 4 2 2 8 1 0 S0 29 97 39 136
Mixture?
(360 mg/ day) F 67/68 L] 2 ] 3 0 0 82 65 83 70 153

a4y, benign; m, malignant,
benrysotite (759) and crocidolite (25%).
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The types of tumour observed included 7 mesotheliomas, of which 1 was peritoneal
{palm oil, group 2, males); 3 in the thoracic cavity (groups 0, 3 and 6, males}; 1 in the
area of the salivary glands {(group 4, females); and 2 in the testicles (groups 5 and §).
The way that they are distributed between the different groups (2 mesotheliomas in the
control groups) and the localization indicate that these tumours arc not related to the
ingestion of asbestos fibres.

Differences in the incidence of tumours in the alimentary and respiratory tracts
between treated and control groups are not statistically significant. The number of
tumours in the peritoneal cavity, predominantly lymph-node angiomas or angio-
sarcomas, appears to be increased, but the increase is not statistically significant and
no dose-response relationship exists.

Multifactorial analysis failed to find any difference in tumour frequency with
respect to localization, type of fibre, dose and sex.

Discussion

The clinicopathological resulits of this study showed that ingestion of chrysotile or
a mixture of chrysotile/crocidolite (759%/25%) at high doses for 24 months did not
adversely affect animal health in general, body weight gains, survival and tumour
incidence,

Body weight and survival compare favourably with those found in other similar
studies {Bolton et al., 1982; Donham et a/., 1980; Hilding et al., 1980; McConnellet al.,
1983; National Toxicology Program, 1985). Like Bolton et al. (1982) with margarine,
we observed a significant increase in body weight related to the consumption of palm
oil. After treatment was concluded, the excessive fat deposits regressed (Table 1)
without any pathological effects.

Analysis of the results with respect to tumour incidence failed to show any
statistically significant increase in tumour development in general, or at any specific
site, such as the alimentary tract or peritoneal cavity, or in specific type of tumours,
such as mesotheliomas. These results are in agreement with the data already published
from long-term asbestos ingestion studies. It should, however, be mentioned that
Gibel ez al. (1976) and Ward et al. (1980) reported equivocal results. Gibel et al. (1976)
reported an increase in the overall number of tumours in rats fed with chrysotile
(52.6%) and filter material (47.4%) in diet. The nature of the latter material was not
defined. Ward et al. (1980) reported 16 intestinal tumours in 49 rats gavaged with
amosite in saline (10 mg/ml) 3 times weekly for 10 weeks. Unfortunately, the authors
did not include a control group in the study.

A significant number of adenomatous polyps of the large intestine in male rats fed
with a diet containing 19 of chrysotile, intermediate-range (IR) fibres only, has been
reported (National Toxicology Program, 1985). In the groups receiving short-range
chrysotile fibres, and in the preweaning chrysotile-gavaged group receiving IR fibres,
the increase in the numbers of this lesion was not significant. Such adenomatous
polyps were reported in other studies using diet as vehicle (Donham et al., 1980;
McConnell ef gl., 1983). In the present study, no adenomatous polyps were seen in any
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group. It therefore seems that the palm oil used as vehicle played a protective role.
Bolton et al. (1982), using a diet to which margarine had been added, failed to observe
any such polyps.

In conclusion, the ingestion of chrysotile or of a mixture of chrysotile/crocidolite
(75%; 25%) at various doses, and even at high ones, did not adversely affect the health
of rats and there was no evidence of any increase in tumours of the alimentary tract or
of any general increase in tumour frequency.
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Summary. Different types of natural and synthetic fibres have been subjecied to
systematic selubility tests in vitro in a physiological solution at 37°C. Both closed-
system and open-system eXperiments were carried out. Atomic absorption
spectrometry of the filtered fluids showed characteristic differences of solubility.
Plastic fibres are practically insoluble. In contrast to glass fibres, the sclubility of
asbestos fibres is low. Sepiolite and wollastonite are of moderate solubility. The
results were confirmed by scanning electron microscopy. Kinetic studies and
extensive solubility tests led to a new exponential expression which describes the
dissolution process in a closed system better than the square-root time laws often
used. Moreover, this exponential model provides a new method of distinguishing
between different materials by means of their initial rates of dissolution,

Introduction

The solubilities of fibrous materials are of interest not only in their application but
also from the point of view of occupational medicine. In this paper, the results of a
study of the solubility of a number of different types of fibres in vitro are reported.

Marerials and methods

A method of carrying out solubility tests in both closed and open systems has been
developed. These tests can easily be carried out and give reproducible results. The
fibrous materials investigated were the natural fibres chrysotile, crocidolite, sepiolite
and wollastonite, different glass fibres (glass wool, basalt wool), ceramic fibres, and
two synthetic plastic fibres. The tests were carried out in Gamble’s solution, which is
similar in composition to lung fluid (without the organic components). Table | shows
its composition,

In most cases the test temperature was 37°C, but some fibres were tested at higher
temperatures (90°C) and higher pressures (1000 bar=14 500 psi) in autoclaves.

The duration of the experiments ranged from 1 hour to 20 weeks for closed-system
and 1 hour to 2 weeks for open-system conditions.

The filtered fluids were analysed by atomic absorption spectrometry (AAS; Perkin
Elmer 4000, Perkin Elmer 5000). The fibre samples were examined by

—134—
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Table §. Chemical composition of Gamble’s solution?

Compound Content of solution [g/1]
MgCl, 68,0 0.212
NaCl 6.171
ECl 0.311
Na,HPO, 0.148
Na,S0, 0.079
CaCl,.2H,0 (.255
NaCH,CO0.3H,0 1.065
NaHCO; 2.571

%In the treatment of plastic fibres, the sodium acetate and sodium sulfate were
omitted.

scanning electron microscopy (SEM; JSM 35 Jeol (Japan Electron Optics Lab)} with
energy dispersive spectrometry (EDS) facilities (EDS system Ortec 6230).

Results

Atomic a2bsorption spectrometry results

As silicon is the most important constituent of most of the fibres under
investigation, the silicon content of the fluids was predominantly determined. AAS
analyses of the filtered fluids showed surface-related differences of solubility of several
orders of magnitude. Depending on the type of fibre, the values ranged from a few ng
silicon dissolved per cm? (chrysotile and crocidolite) to several thousands of ng/cm?
silicon dissolved (glass wools). Aramide and carbon fibres (both plastic fibres) proved
to be practically insoluble.

The solubilities of chrysotile and crocidolite are very low. Solubility experiments
with chrysotile show that only a very small amount of silicon can be dissolved but that
alarger amount of magnesium is generally released. For example, the values obtained
after a 6-week shaking-table experiment (closed system) are 6 ng/ cm? silicon and 160
ng/cm? magnesium dissolved. Sepiolite and wollastonite fibres were found to be of
moderate solubility.

Glass fibres (glass wool, basalt wool) are of higher solubility. Depending on their
chemical composition, they can be divided into two groups: glass wools with a silica
content of more than 60% are more soluble than fibres of basaltic composition. In
open-system experiments (continuous-flow equipment}, none of the glass components
reaches a saturation concentration since, under these conditions, a stable surface layer
cannot be built up. Ceramic fibres release a small amount of silicon when treated with
Gamble’s solution. Fibres not containing Cr,0, seem to be more resistant than those
containing around 2.5% Cr,0;.
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Scanning electron microscopy resalls

Figures | and 2 show different types of treated fibres as seen by SEM. SEM
examination confirmed the results obizined by AAS. As seen in Figure 1{a), aramide
fibres were not corroded by treatment in physiological solution. Carbon fibres showed
the same behaviour. Chrysetile and crocidolite showed no signs of surface corrosion,
but split into 2 large number of thin fibrils (Figures 1{b} and I{c)), with a consequent
enormous increase in the sample surface. Sepiolite and wollastonite exhibited gel-like
coatings (Figure 1d), which can be explained as precipitation effects after super-
saturation of the test fluid.

Corrosion effects of the fibre surfaces are characteristic for all glass fibres. For
example, etch pits and gel layers, which tended to become detached and break away,
could be observed (Figures 2(a) and 2(b)}. Some fibres showed precipitation of salts
{Figure 2{c)).

The ceramic fibres differed in their solution behavicur. Thus fibres containing
Cr,0, showed corrosion effects similar to those seen with glass fibres. Their surface
layers expanded in Gamble’s solution and became detached as a result of the increase
in volume {(Figure 2(d)).

Results of kinetic studies

The dissolution of glass and minerals under closed-system conditions has
repeatedly been expressed in terms of square-root time laws. Mathematical expres-
sions of this type suffer from the disadvantage that it is impossible to describe the way
in which the concentration tends to approach a limiting value. Square-root models are
therefore inadequate.

Singe the dissolution process is surface-controlled between pH 7 and pH 9 (Lasaga,
1981; Stumm & Morgan, 1981), the following exponential expression can be derived
to describe the dissolution process in a closed system (Feck, 1984; Forster & Feck,
1985):

where: “ “kt)

¢ =concentration [ng/cm?]

gy = saturation concentration [ng/cm?]
! = time [d]

k = exponential coefficient {1/d]

In addition, this exponential model offers a new means of distinguishing between
different materials, using the initial dissclution rate expressed as the first differential
coefficient at /=0:

del?)

dt
=0
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Fig. 1. Scanning electron micrographs of treated fibres: (¢} aremide fibre after a
1-week stationary experiment: () erocidolite after a 6-week stationary experiment; ()
crocidolite after a 10-week statiomary experiment; {4) sepiclite after a Z-week
stationary experiment.

a) i 5 ym b) p——d 50 um

c) b 100 pm d) P—t 10 um
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Fig. 2. Scanning electron micrographs of treated fibres: (@) marl wool after 2 6-week
stationary experiment; (5) basaltic glass fibre after 2 3-week stationary experiment at
100°C and 1000 bar (autoclave); {c) glass wool after a 6-week stationary experiment;
(d) ceramic fibre after a 2-week stationary experiment at 90°C.

a) — 5 ym b) e 10 pm

c) — 10 ym d) +——f 2.5 pm
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which is a useful (surface-dependent) constant for a given material. Some examples
are given in Tables 2 and 3, showing the values of this constant for fibrous materials
having approximately similar surfaces.

Table 2. Initial dissolution rates of different amorphous
fibrous materials

Fibrous material Csatk (81 dissolved
[ng/co? d])

Marl wool 25

Rock wool 33

Glass wool I# 144

Glass wool 119 860

“Glass wool 1 and glass wool 1 show differences in their chemical
composition: glass wool I contains 2.46% (weight) BaO, whereas the
corresponding value of glass wool ITis 0.07% (weight) BaO.

Table 3. Initial dissolution rate of two natural fibrous

materials

Fibrous material Csat & [Si dissolved (ng/cm? d)]
Crocidolite 5

Sepiolite 45

Itis worth mentioning that a correlation exists between initial dissolution rates and
the rates obtained in open-system experiments, the values often being identical.

Conclusions

The retention of fibrous particles in the lung is controlled by several factors; one
important factor is the solubility of the inhaled fibres. Solution properties of fibrous
materials can be compared by means of the new exponential model, The initial
dissolution rates may perhaps be useful in the classification of fibrous materials
according to their solubility, from the point of view of their health effects.
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Summary. The adsorption of the aromatic hydrocarbons naphthalene and
phenanthrene on to 4 types of asbestos and 2 types of man-made mineral fibres in
the gas phase was studied. The asbestos types were chrysotile, anthophyllite,
amosite, and crocidolite and the man-made mineral fibres were rock wool and glass
wool. The influence of the gas humidity on this adsorption was also studied. The
experiments were performed in an open system with the continuous generation of a
gas stream of constant flow rate, humidity and hydrocarbon concentration, The
results show that chrysotile asbestos is an extremely good adsorbent of polycyclic
aromatic hydrocarbons (PAHSs) in dry gas. This material adsorbs about 100 000
times more PAH than does glass wool, which has the lowest capacity of the fibres
tested. The amphibolic asbestos types lie in the upper half and the rock wool sample
in the lower half of the range. However, if the gas phase is humnidified to typical
ambient air values, there is a dramatic decrease in the adsorption on to the highly
adsorbing materials. This means that, at relevant gas-phase humidities, there will
be a fairly weak adsorption of PAH of about the same order of magnitude for all
the materials tested. Any enhanced biological effect of inhalation of PAH adsorbed
on fibres is thus likely to be connected with properties of the fibres other than the
mere amounts of PAH adsorbed.

Introduction

It is well established that asbestos exposure increases the already high risk that
smokers run of contracting lung cancer (Selikoff e al., 1968). One hypothesis to
explain this synergistic effect is that carcinogenic compounds in the cigaretie smoke, in
particular polycyclic aromatic hydrocarbons (PAHs), are adsorbed on the surfaces of
the asbestos fibres. This may increase the retention of these substances in the lung and
thus also the risk of cancer developing (Harington, 1973). Another question of
importance is whether the same effect can occur with man-made mineral fibres
(MMMF), which are now replacing asbestos in many fields of use. Apparently this
adsorption may occur either before inhalation in the ambient air, or after inhalation,
probably in the liquid phase of the lining of the lung. This paper deals exclusively with
the former possibility.

A wide variety of PAHs are present in the ambient air. The vapour pressures of
these compounds decrease drastically with increasing molecular size (Murray ef al.,
1974). In addition, the larger the molecules the greater is their tendency to be adsorbed
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on to airborne particles (Eiceman & Vandiver, 1983). Medical research has paid the
greatest atiention to the low-volatile, heavier members of the group. Benzofa]pyrene
(BP), the reference substance in the group, has a very low vapour pressure which, at
25°C, can be estimated to be about 1 X 10-¥ atmosphere (Murray et al, 1974;
Sonnefelt er al., 1983). The saturated vapour of this hydrocarbon then contains
around 100 ng/m3, Tar from tobacco smoke contains BP at a concentration of about 2
pg/g (US Department of Health, Education, and Welfare, 1979). Typically, the
content of BP inurban air is in the range 0.6-3.5 ng/m? of air or 5-50 ug/ g of airborne
particles (Katz er ¢l., 1978). In urban air, in addition, BP occurs at a concentration of
less than 10% in its gaseous state, and this figure should represent a true equilibrium
value (Yamasaki er al., 1982). At these very low gas-phase concentrations, it is
necessary to consider not only the adsorption equilibria on airborne particies, but also
the kinetics of those mass-transfer processes that will lead to such equilibria. This is
particularly true for particles such as asbestios fibres, where adsorption is likely to
occur at ambient air temperatures. It is known that some types of asbestos arealready
contaminated with smali amounts of PAH when they are mined, and it seems that the
fibres are further contaminated with PAH during processing, BP concentrations of up
t0 3.7 X 10-% g/ g asbestos have been measured (Pylev & Shabad, 1973). However, it is
not clear whether these PAHs are already associated with other particles when they
contaminate the asbestos fibres or whether they are adsorbed directly from the
gaseous state. The purpose of this study was to estimate the adsorption of a typical
PAH onasbestos fibres and MMMEF in the gas phase. The influence of the humidity of
the gas phase on these adsorption equilibria was also studied.

Materials and methods

The very low gas-phase concentrations of BP give rise to experimental problems.
Weighing a portion of the material to be studied with sufficient accuracy requires
something of the order of 10! micron-size particles. One of these particles, when
airborne, may have a contact time fully sufficient to reach adsorption equilibrium ina
gas phase of such a low concentration, but the experimental bulk sample of particles
requires far too long a contact time even with forced convection. It has therefore been
necessary to use the more volatile aromatics naphthalene and phenanthrene as model
substances for the heavier members of the group. Using 2 different-sized molecules
permits a crude extrapolation of adsorption data from these substances to the less
volatile PAH. Theexperiments were performed with 4 types of asbestos — chrysotile,
crocidolite, amosite and anthophyllite — and with two types of MMMTF, rock wool
and glass wool. Before use, all fibrous materials were washed in toluene for 8 h by
means of Soxhlet extraction and dried at 120°C for 2 h. The specific surface areas of
the washed materials were determined by measuring their B.E.T. isotherms
(Adamson, 1976) (Table 1). [“C]Naphthalene (1.45 MBq/mg, Amersham) and
[¢Clphenanthrene (4.0 MBq/mg, Amersham) were used as adsorbates, and when
necessary these were diluted with their respective non-labelled analogues (Merck,
scintillation grade, and Serva Feinbiochimica, analytical grade).
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Table 1. Specific surface areas of the fbrous materials studied

Fibre type Specific surface area
(m?/g)

Chrysotile asbestos (ULCC) 40.1

Anthophyllite asbestos (UICC) 19.6

Amosite asbestos (UICT) 12.8

Crocidolite asbestos (UICC) 12.5

Rock wool (Rockwool AB, Skovde, Sweden) 0.275

Glass wool (AB Gullfiber, Billesholm, Sweden)} 0.717

The experiments were performed using a flow-through system with continuous
generation of a gas strearn of constant flow rate, PAH concentration, and humidity
(Figure 1). Nitrogen was used as carrier gas instead of air. A constant concentration of
PAH was achieved by passing one gas stream through a bed of crystals of the PAH
studied. This almost saturated stream of gas was then diluted with another gas streatn
to the desired concentration; this procedure has been described elsewhere (Pella, 1976;
Westcott ef al., 1981). Flow regulation of the saturated gas stream was accomplished
by supplying a capillary with a constant pressure from a pressure regulator (Brooks
8601-B). When greater dilutions were desired, a self-diffusion tube was used instead.
The diluting stream was regulated by means of a pressure regulator {Brooks 86(1-B)
and a constant-flow regulator (Brooks 7144). Thetotal flow rate was measured witha
soap-bubble meter. The adsorption column and bypass were designed according to
Miguel e al. (1979), with a length of 50 mm and an inside diameter of 9 mm. The
humidifier unit consisted of 2 glass chambers installed in the line of the diluting gas
stream. The gas first enters a humidifier chamber with a water reservoir kept at the
same temperature as the adsorption unit. The chamber has a volume of about 50 ml
and is equipped with 2 vertical porous glass slabs in order to increase the contact area
between gas and water, The nearly saturated effluent from this chamber is passed
through a dew-point chamber kept at a lower temperature corresponding to the dew
point of the desired humidity at the adsorption temperature. After excess humidity has
been precipitated in this vessel, the gas flows back again to the bath with the
adsorption unit. The ducts connecting the water baths are jacketed and kept at a
higher temperature in order to prevent condensation.

The concentrations of the “C-labelled compounds were measured by liquid
scintillation counting. The gas phase was then sampled by absorbing the substance
from a known volume of gas (500 ml) in toluene. The amounts of PAH absorbed by
the fibres were measured by means of a thermal wet-oxidation process (van Slyke &
Folch, 1940}, wherein all organic matter, including the labelling isotopes, on a weighed
portion of fibres is degraded to CO,. This gas is then adsorbed in Protosol tissue
solubilizer (New England Nuclear). The weight of fibres used in the experiments
varied between 0.02 and 1.5 g, depending on the adsorptivity of the material.
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Fig. 1. Disgram of the adsorption apparatus.
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A total flow rate of 100 ml/min was used and, after start up, the gas-phase
concentration of the generator was normally stable within less than an hour.
Variations in the flow rate and in the aromatic concentration of the bypassed gas
stream had standard deviations of +0.4% and +49% respectively. Connecting the
adsorption column gave break-through curves of the effluent stream varying from
undetectable for the low-adsorbing materials to well-defined curves stretching over
several weeks for the high-adsorbing materials. At equilibrium, the fibre portion was
quickly divided and transferred to 2 bottles, which were immediately sealed to avoid
desorption losses. These bottles were sample containers for the wet-oxidation process.
A mass balance for naphthalene on a break-through curve from chrysotile asbestos
showed that 949 of the substance removed from the gas stream was recovered in the
wet-oxidation process.

Results

Dry gas

The adsorption of naphthalene and phenanthrene in dry gas on the various fibrous
materials at 25°C is shown in Figure 2. The concentration on the fibres in g/ gis shown
as a function of the relative pressure of the aromatic substances. This is the gas-phase
concentration expressed as its fraction of the concentration of the compound in the
saturated vapour under same conditions, The concentrations of naphthalene and
phenanthrene in the saturated vapour at 25°C are 537 mg/m? and 1.16 mg/m3,
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respectively (Sonnefzlt er gl., 1983). In dry gas, the fibrous materials tested cover a
wide range of adsorptivities, with the asbesios types falling in the upper half and the
MMMF in the lower half of the range. The differences in the adsorptivities are, of
course, partly due to the varying specific surface areas of the materials {Table I}. If the
adsorption is expressed per unit of surface area, the ranking of the fibrous materials is
somewhat different. Ata 1% relative pressure of naphthalene, the following results for
the different materials are obtained, in ug/m? chrysotile 150, anthophyllite 50,
amosite 10, crocidolite 7, rock wool 10 and glass wool 0.3. Chrysotile is thus an
extremely good adsorbent of PAHs in drv gas, anthophyllite a somewhat weaker one,
while rock wool, crocidolite and amosite are all weaker still. Finally, glass wool seems
to have a very low adsorption capacity for PAHs.

Fig. 2. Adsorption of naphthalene 2nd phenanthrene in dry gas on to varions fibrous
materials at 25°C '
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Humid gas

The humidity of the gas phase has both a varying and in some cases a very dramatic
influence on the adsorption of PAHs on to the fibrous materials studied (Figure 3). In
general, the greater the adsorptivity of a material in dry gas, the greater the decrease in
this capacity with increasing humidity of the gas phase. Chrysotile asbestos adsorbs
about 4000 times more naphthalene at a relative pressure of 1% in dry gas than in gas
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with a relative humidity of 79%. For the rock wool sample, adsorption is only & times
greater in dry gas than in gas at 79% relative humidity. The rate at which gas-phase
humidity affects adsorption is very rapid, as demonstrated by the following simple
experiment. Fibres are equilibrated in a gas phase with naphthalene at a relative
pressure of 1%. I the relative humidity of the gas stream is suddenly increased to 78%,
this will lead to a sharp pulse of naphthalene in the effluent stream from the fibre bed
which, in the case of chrysotile asbestos, may reach a concentration 40 times that in the
incoming gas stream {Figure 4).

Fig. 3. Adsorption in the gas phase of naphthalene and phenanthrene on {o various

fibrous materials at 25° € as a function of relative humidity. The relative pressures of
naphthalene and phenanthrene were §.010 and 0.098, respectively
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Fig. 4. Concentration of naphthalene downstream of the adsorption cofumn when the
relative humidity of the incoming gas is suddenly raised from 0% to 79%. The fibres
were previcusly equilibrated with the constant naphthalene concentration of the
incoming gas phase of 5.6 u/liire
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Discussion

It would seem that the adsorption of aromatic hydrocarbons in dry gas increases
with increasing polarity of the adsorbent. Chrysotile asbestos, in particular, with its
high surface density of hydroxyl groups, has a very high adsorptivity. As suggested
elsewhere (Fournier & Pezerat, 1982), this is probably due to the polar interaction
between the charged surface of the chrysotile fibre and the mobile 7 electrons of the
aromatic hydrocarbon structure. This view is further supported by the ¢xtreme
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sensitivity of this adsorption of PAHs to the humidity of the gas phase. The aromatic
hydrocarbons and the polar water molecules seem to be attracted to the same sites on
the surfaces. The weaker adsorption forces between PAHs and the MMMF tested,
however, are not nearly as sensitive to the humidity of the gas phase. This is an
indication of a more non-polar type of interaction between the hydrocarbons and the
amorphous fibre surfaces with a lower surface charge. Similar behaviour has been
reported when various benzene derivatives are adsorbed in the gas phase on to soil
samples (Chiou & Shoup, 1985). A decrease in the adsorption of these organics with
increasing humidity of the gas phase was attributed to competition between the water
and the organic molecules for the liquid phase when phenanthrene was adsorbed onto
various types of asbestos in organic solvents (Fournier & Pézerat, 1982). The
adsorption was considerably reduced if the solvent had not been dried prior to use.
Just as in our investigation, this effect was more pronounced with chrysotile asbestos
thanwith the amphibolic asbestos types crocidolite and amosite. The almost identical
adsorptivity of naphthalene and phenanthrene on the same fibrous materials at the
same relative pressure indicates that the adsorption of PAH of lower volatility can be
estimated from adsorption measurements using lighter and more volatile members of
this group of substances.

Inthe range of typical ambient air humidities, the fibrous materials studied adsorb
PAHs toroughly the same degree. At arelative pressure of 1% foramodel PAHand a
relative humidity of 609, this adsorptionwill beinthe range of 5X 107-1 X 1078 g/g
of fibres. This implies that the fibres may adsorb more PAH once they have become
airborne and released from the kinetic constraints of belonging to a bulk sample. The
adsorption also implies an extremely large accumulation of PAHSs within the volume
element occupied by the fibre as compared with thé surrounding gas phase. This effect
is by no means unique for fibres as compared with other ambient air particles,
however. Any enhanced biological effect on inhalation of PAHs adsorbed on fibres
must thus be connected with properties of the fibres other than the mere magnitude of
the PAH adsorbed.
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COMPARATIVE STUDY OF THE EFFECT OF
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Summary. The release of lymphocyte-activating factor (LAF) into the medium of
cultured mouse resident peritoneal macrophages was estimated from the effect of
this medium on the proliferation of mouse thymocytes in the presence of
phytohaemaggtutinin. Untriggered macrophages released little LAF into their
culture medium. Upon addition of UICC chrysotile A (25-50 ug/ 106 macro-
phages), LAF appeared in the medium, and release continued for at least 20 h.
DQI2 quartz was a more potent inducer of LAF production, while rutile was
nearly inactive. Although chrysotile and quartz caused cell damage (as estimated
by the release of lactate dehydrogenase), it was established that LAF release was
not attributable to leakage of preformed intraceliular LAF. The lymphopro-
liferative activity detected in macrophage media was stable at 56°C and non-
dialysable, which corresponds to the properties of interleukin 1. These biochemical
observations are consistent with the non-specific stimulation of the immune system
found in asbestotic and silicotic patients.

Introduction

Pulmonary fibrosis caused by the inhalation of mineral dusts such as asbestos and
silica is often accompanied by immunological abnormalities, e.g., increased serum
immunoglobulins, autoantibodies and circulating immune complexes (Kagan et al.,
1977; Lange et al., 1974; Pernis et al., 1965, Vigliani & Pernis, 1963), and elevated
helper:suppressor T-cell ratios among blood lymphocytes (Miller er al., 1983). Studies
on experimental exposure to asbestos have also drawn attention to the stimulatory
effects of mineral dusts on the immune system (Miller & Kagan, 1981; Rola-
Pleszczynski er al., 1981).

A reasonable explanation for some aspects of this immune stimulation resides in
an effect of the mineral dusts on the macrophages, resulting in the production of
interleukin 1 (Hartmann er af., 1984; Pernis & Vigliani, 1982). Indeed, this monokine
has many effects on cells of the immune system, one of them being the activation of
T-cells {Oppenheim er al., 1982).

—149—
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The present study was undertaken to assess whether exposure of mouss peritoneal
macrophages to asbestos in vitro is associated with augmented release of a
lymphocyte-activating factor (LLAF) with properties of interleukin I, The effects of
quartz and rutile were examined in paraliel because these mineral particles are often
used as fibrogenous and non-fibrogenous references, respectively.

Materials and methods

Macrophage cultures

Resident peritoneal cells were collected from female NMRI mice, washed once,
and resuspended in Dulbecco’s modified Fagle medium (Gibceo) supplemented with
109 fetal calf serum (FCS, Gibco). The peritoneal cells were plated inaliquots of 1 ml
containing 2108 cells in 24-well multidishes {Nunc, Gibeo). After incubationfor2h
under a 10% CO,/air atmosphere, non-adherent cells were removed by thorough
washing and the adherent cells were further incubated in duplicate in 1 m! of medium
with 5% FCS and the following agents: UTCC chrysotile A from Zimbabwe (obtained
from Dr J.C. Wagner, MRC Preumoconiosis Unit, Penarth, UK), standard DQ12
quartz and rutile (gifts from Dr K. Robock, Institute for Applied Fibrous Dust
Research, Neuss, Federal Republic of Germany), sterilized by UV irradiation and
suspended in medium by sonication for 2 min. Following incubation for up to 24 h
with the added agents, the media were collected and centrifuged to remove the
particles. The supernatants are referred to as conditioned media. Cell monolayers
were washed, covered with 1 ml of medium with 5% FCS, frozen at ~20°C, thawed,
scraped off with a rubber policeman, sonicated, and centrifuged. The supernatants are
referred to as cell lysates.

Lymphocyte-activating factor assay

LAF was assayed by its capacity to enhance the mitogenic response of murine
thymocytes to phytohaemagglutinin, essentially as described by Gery ez al. (1981). In
brief, thymocytes from male BALB/c¢ mice in RPMI medium 1640 (Gibco)
supplemented with 5% FCS and 3.3X10-5> M mercaptoethanol were mixed with
phytochaemagglutinin P (Difco) at a final concentration of 1.3 ul/ml. They were
immediately plated in flat-bottomed 96-microwell plates (Nunc, Gibco) in aliquots of
0.15 mi containing 1,5X106 cells. Various serial dilutions of macrophage-conditioned
media were added in triplicate in 0.05-ml aliquots. After incubation for 66 h, the
cultures were pulsed for 6 h with 1 uCi/well of [*H]thymidine (2 Ci/mmol, New
England Nuclear) and collected on filter paper with a cell harvester. LAF activity is
given by the [*H]thymidine incorporated by thymocytes and expressed as disin-
tegrations per min {dpm).

Lactate dehydrogenase
Lactate dehydrogenase was assayed as described by (Canonico et al. 1978).

Results

Figure 1 shows the results of a typical experiment in which the LAF activity of
conditioned media of macrophages exposed to chrysotile, guartz or rutile, was
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Fig. 1. LAF activity of conditioned media of macrophages culiured with verious
particles. Macrophages were incubated for 26 h: (a) in the absence of any particles; (k)
in the presence of UICC chrysotile A; (c) in the presence of D@12 guartz; (d) in the
presence of rutile. LAY activity was then messured by the thymocyte profiferation
assay, as described under Materials and methods. ® = 50 ug/ml; o = 10¢ ug/ml
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compared with that of conditioned media of unexposed macrophages. Whereas rutile
appeared to be essentially inactive, chrysotile and quartz stimulated LAF release by
macrophages, quartz being a more potent inducer than chrysotile at the same dose.
This effect, which seems to approach a maximum at a dose of 50 ug, was not detected
at a dose of 10 ug (result not shown).

The fact that thymocyte proliferation reaches a maximum and decreases at high
concentrations of conditioned media derived from macrophages exposed to chrysotile
or quartz suggests that a component present in these media adversely affects
proliferation. Dialysis of the conditioned media before the thymocyte proliferation
assay suppressed this inhibition (result not shown). Prostaglandins E, are among the
macrophage products that can inhibit lymphocyte proliferation (Goodwin et al., 1977,
1679). Figure 2 shows that conditioned media of macrophages cultivated in the
presence of 10 M indomethacin induced proliferation of thymocytes withount
inhibitory effects when used at high concentrations.

At the doses of chrysotile and quartz required for LAF production, macrophages
released lactate dehydrogenase, which is indicative of cell damage. We therefore
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Fig. 2. LAY activity of conditioned media of macrophages cultured with various
particles in the absence or presence of indomethacin. Macrophages were incubated for
24 h: {2} in the absence of any particles; (b} in the presence of 100 ug/mi of VICC
chrysotite A; (¢) in the presence of 100 ug/mil of D12 guartz; (d) in the presence of
186 pg/ml of rutile, without {® ) or with () 105 M indomethacin. LAF activity was
then measured by the thymocyte proliferation assay, as described under Materials and
methods.
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addressed the question whether LAF production by these cells does not simply reflect
escape of preformed intracellular LAF. For this purpose, LAF and lactate dehydro-
dehydrogenase were assayed in cell lysates and in conditioned media (Table 1).
Macrophages that had not been exposed to particles exhibited a high content of LAF
after 4 h of culture, which markedly decreased after 20 h; LAF activity in conditioned
media remained low after 4 h and 20 h. Because the decline of intracellular LAF does
not correlate with its release in the extracellular medium, LAF must have been
internally degraded or somewhat changed, as already suggested by Gery er a/. (1981).
Exposure of macrophages to chrysotile or quartz moderately increased the intra-
celinlar pool of LAF, but this pool tended to disappear when time of culture was
prolonged, as in control cells; in contrast to such cells, LAF activity in the medinm was
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higher and continued to increase with time. It is important to note that the total
activity of LAF was increased by exposure of macrophages to chrysotile or quartz.
This is in contrast with the behaviour of lactate dehydrogenase; an increased release of
the enzyme was accompanied by a corresponding decrease in the level of intracellular
activity, leaving the total activity practically unchanged.

Table 1. Activity of lymphocyte-activating factor (LAF) and lactate dehydrogenase in
conditioned media and Iysates derived from macrophages cultured with various
particles?

Particles Incubation LAF activity (dpm X 10‘3)b Lactate dehydrogenase
time (h) activity {mU/ml)

Media  Lysates Total Media  Lysates Total

None 4 19 6.9 8.8 - - -
20 2.0 2.9 4.9 24 57.4 59.8
UICC chrysotile A 4 0 8.1 i1.1 - - -
20 5.1 3.8 8.9 16.9 41.2 58.1
DQI2 quartz 4 83 10.5 2.8 - - -
20 1.0 38 14.8 42.5 £2.5 55.0
Rutile 4 2.0 6.3 8.3 - - -
20 2.1 3.0 5.1 4.7 56.4 61.1

9At a dose of 50 pg/ml.

PLAF activity is expressed as dpm of [*H]Jthymidine incorporated by thymocytes cultured with media or
lysates derived from macrophages at a final dilution of 0.5%. Control thymocyte cultures, incubated with
medium alone, incorporated 1.1 X 10° dpm.

The LAF activity assayed in macrophage-conditioned media shared two proper-
ties of interleukin 1: it resisted heating for 30 min at 56°C and was not dialysable
through a membrane with a molecular weight cut-off of 10 000 (Oppenheim ef al.,
1982).

Discussion

This study has shown that in virro exposure of mouse peritoneal macrophages to
UICC chrysotile A stimulates them to release alymphocyte-activating factor which is
most probably interleukin 1. At equal doses, DQI12 quartz is a more potent inducer
than chrysotile, while rutile has little or no effect.

Although we observed a direct correlation between the release of lactate
dehydrogenase and that of LAF, injury caused by chrysotile or quartz to macrophages
does not merely cause a leakage of preformed LAF from the cells, since the
intracellular levels of the mediator are increased rather than decreased upon exposure
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to these particles. Gery ef ¢l (1981) reported that exposure of cultured murine
peritoneal macrophages to quartz induces a marked increase in LAF release with a
small increment in the intracellular activity, and also concluded from the net
stimulatory effect that silica particles do not just cause the release of preformed LAF.,
Similar observations were made with human monocyte cultures (Lepe-Zuniga &
Gery, 1984).

Inhalation studies conducted by Kagan and his co-workers (Hartmann er a/., 1984)
demonstrated that alveolar macrophages from rats exposed to crocidolite or
chrysotile asbestos release interleukin 1 during culture. However, this interleukin 1
production (assayed by the enhancement of thymocyte and fibroblast proliferation)
was observed only in media from co-cultures of alveolar macrophages and autologous
splenic lymphocytes obtained from FCS-immunized animals. The effects of asbestos
mmhalation therefore appear to be expressed in the context of antigen-directed
lymphoid activation, and indeed correlate with I-region-associated (Ia) antigen
expression (Kagan ef ¢/, 1985),

Our cellular model, in which cultured mouse peritoneal macrophages respond to
chrysotile and quartz exposure by increased LAF production, has the merit of being
simple and direct, and is consistent with the non-specific stimulation of the immune
system of asbestotic and silicotic patients. Despite the uncertainties surrounding the
possibility of extrapolating the results to humans, the in vitre system described in this
paper could be used in the screening of asbestos substitutes that are potentially
hazardous to human health.
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BIOLOGICAL EFFECTS OF ASBESTOS FIBRES ON
RAT LUNG MAINTAINED IN VITRO
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Sumimary. The in vitro systems used to determine whether asbestos acts as an
initiator or as a promoter have failed to give definitive answers. We studied the
effect of chrysotile and crocidolite in an initiation-promotion model on the Fischer
rat embryo lung. Two assay systems were used in succession: organ culture of the
lung cultured for 24 days and epithelial cell culture derived from treated or
untreated explants cultured for 25 passages. Apart from the control groups, three
major groups were analysed: (1) fibres with complete carcinogenic potency:
explants and/or cells treated with fibres alone; (2) fibres with initiating potency;
short treatment with fibres, followed by treatment with the classical promoter
TPA; (3) fibres with promoting potency: short benzo[ajpyrene treatment followed
by treatment with the fibres. In organ culture, fibres alone induce only cytotoxic
lesions; in the ‘fibres with promoting potency’ group, precancerous lesions were
observed. In epithelial cell culture, several transformation criteria are analysed.
Our results with the cell system confirm that fibres act as a promoter, but also as a
complete carcinogen. However, for equal doses, crocidolite needs a longer
treatment time than chrysotile. These different assays failed to demonstrate any
initiating activity of the fibres. The use of organ and cell culture in succession
makes it possible to demonstrate the in vitro promoting effect of chrysotile and
crocidolite.

Introduction

Up to the present, the in vitro systems used to determine whether asbestos acts as
an initiator or as a promoter have failed to give any definitive answers. In this study,
we attempted to determine the mode of action of chrysotile and crocidolite in an
initiation-promotion model on the Fischer rat lung in 2 in vitro assay systems: organ
culture alone and a combined organ culture~cell culture system. In our experiments,
treatment is performed in organ culture, and may or may not be followed by
continuous treatment in cell culture. This method is used to preserve tissue integrity
and the relationship between different tissue components, and maintain proliferation
and differentiation, It is capable of producing precancerous lesions similar to these
found in vivo (Michiels ez al., 1981).

—156—
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Materials and methods

Fibres and chemicals

The UICC chrysotile A and crocidolite asbestos used were generously provided by
Dr Greffard (Bureau des recherches géologiques et miniéres, Orleans, France). In
organ culture, the fibres were administered at 10 ug/ml of medium and were present
throughout the entire duration of the experiment. The cell cultures were treated 24 h
after each seeding with 1 pg/cm? crocidolite or 6.4 ug/cm? chrysotile. The fibres were
sonicated and suspended in complete medium. After 3 days, the medium was replaced
with fresh medium.

Benzo[alpyrene (BP} (Schuchardt, Munich, Federal Republic of Germany) was
only used in organ culture; it was dissolved in acetone and added to the medium as
initiator at 1 ug/ml of medium for 24 h, or as a complete carcinogen at 5 pg/ml of
medium and was then present throughout the entire experiment.

12-0-Tetradecanoyiphorbol 13-acetate (TPA) (LC Service Corperation, Woburn,
USA) was only used in cell culture; it was dissolved in acetone and added to the
medium at a concentration of 0.25 ug/ml of medium throughout the entire
experiment,

Cuiture methods

Organ culture

Lungs isolated from [7-day-old Fischer rat embryos (IFFA-CREDO, L’Arbresle,
France) were cultivated on a Millipore membrane using a rocking system developed in
our laboratory in which they were exposed alternately to air and medium. The
medium consisted of M 199 supplemented with 5% fetal calf serum, penicillin,
streptomycin and amphotericin B; the explants were incubated at 37°C, aerated with
5% of CO, and the medium was changed every 3 days. Histological analysis was
performed between days 1 and 24. '

Cell culture

Explants cultivated for 24 days were dissociated for 2 h in a 0.029% collagenase
solution at 37°C. Cells were then cultivated using Dulbecco’s H21 medium supple-
mented with 10% fetal calf serum and the usual antibiotics. They were reseeded at
5X10% cells per 60-mm Primaria dish weekly for 25 passages.

Isolation and epithelial characterization. At the first seeding after the organ
culture, the fibroblast-like cells were scraped with a mini-rubber policeman. The
epithelial character of the cells was determined by immunofluorescent staining with
antikeratin antibodies.

Cloning efficiency and clone morphology. A total of 300 cells were seeded per
60-mm culture dish and were fixed and stained with Giemsa 8 days later. To determine
the cloning efficiency (CE), the colonies were counted and the results expressed as a
percentage of the number of seeded cells. On the same dishes, any abnormal
morphological characteristics of the colonies were noted.
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Tumorigenicizy. Suspensions of 2 X 10¢ cells were injected intraperitoneslly into
.isogenic 4-week-old rats. At least 6 animals of each group were injected.

Transformation criteria procedure. CE and clone morphology were determined
after every 2 passages. The tumorigenicity i vive was determined after every 4
passages.

Results
In organ culture

Complete carcinogenic potency

In total, 425 explants were analysed. After preliminary cytotoxic assays, a dose of
10 ug of fibres per ml of medium was used for both fibres. At this dose, chrysotileand
crocidolite were of approximately equal toxicity (as measured by the survival rate
expressed as the percentage of healthy explants; at 24 days cultivation, the figures
were: chrysotile 83%; crocidolite 899). The surviving explants displayed pyknotic
cells, accumulation of macrophages and regenerative proliferation. No precancerous
lesions were found in this group.

Initiating or promoting potency

In total, 320 explants were analysed. Initiating potency was not tested in organ
culture. In the promoting group, apart from atypical proliferation, precancerous
lesions were observed, such as hyperplasia, squamous metaplasia and adenopapillary
structure, depending on the type of fibre but essentially on the duration of the
treatment. Hyperplasia was seen in 27% at day 24 for both fibres. Adenopapillary
structure and squamous metaplasia were observed after 18 days treatment with
crocidolite (25 and 279% respectively) and 10 days treatment with chrysotile (25 and
36% respectively),

In cell culture

Cell culture groups

Apart from the negative (untreated) and positive (BP or TPA treatment} control
groups, three main groups were analysed: (1) Complete carcinogen potency groups:
cells derived from fibre-treated explants, some of which were continuously treated in
cell culture. (2) Initiating potency group: cells derived from fibre-treated explants,
followed by TPA treatment in cell culture. (3} Promoting potency group: cells derived
fromexplants treated for 24 h with BP followed by fibre treatment, possibly continued
in cell culture,

Cloning efficiency

The CE of the untreated cells was relatively stable during the whole experiment
(£30%). The CE of TPA- or BP-treated cells increased with the number of passages (at
passage 3, 28 and 37% respectively and at passage 23, 43 and 73%). Up to passage 12,
no difference could be noted between the fibre-treated groups and the untreated
group. From passage 13 onwards, the CE of the treated groups exceeded that of the
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controls and increased with the number of passages. Analysis of the CE at passage 23
demonstrated that: (1) the CE in the fibre initiating groups did not exceed that of the
TP A-treated cells; (2) in the complete carcinogen group, the CE of the crocidolite-
treated cells was the same as that of the TPA-treated cells; but repeated chrysotile
treatment induced an increased CE; (3) in the fibre promoting group, for both fibres,
the CE was increased and reached or exceeded that of the BP-treated ceils. For both
fibres, the CE is higher in the promoting potency group than in the complete
carcinogen group and, with regard to these criteria, chrysotile seems to have a higher
promoting potency than crecidelite. Only treatment with chrysotile in the complete
carcinogen potency group resulted in morphological transformation. Clenes defined
as type II {overgrowth) were present from passage 13 onwards (3.7%) and increased
with the number of passages (passage 23: 14%).

Tumorigenicily in vivo

A total of 312 rats were injected with cells derived from the different groups every 4
passages from passage 4 to passage 24. In the untreated group, 20% of tumours
appeared up to passage 16, with a long latency period which decreased with the
number of passages (passage 16: 83 weeks; passage 24: 21 weeks). The BP-treated cells
induced tumours in all rats, with a short latency period at passage 4 and subsequent
passages (passage 4: 13 weeks; passage 24: 8 weeks).

The resulis in the various fibre-treated groups were as follows:

(1) Initiating potency group: Injection of chrysotile/ TPA-treated cells gave a
relatively constant tumour incidence rate (56%) from passage 4 onwards with a
constant latency period (mean: 42 £ 3 weeks). Crocidolite/ TP A-treated cells induced
tumours from passage 12 onwards (16%) with a decreasing latency period (passage 12:
64; passage 24: 35 weeks).

(2) Complete carcinogen potency group: With the chrysotile-treated cells, a
constant tumour incidence of 73% was observed from passage 8 onwards (latency
period: mean: 32 + 3 weeks). Apart from one tumour at passage 4 and another at
passage 12, 83% of tumours appeared in the crocidolite-treated cells from passage 24
onwards, with a latency period of 38 weeks.

(3) Promoting potency group: With the BP/chrysotile-treated cells, apart from
one tumour at passage 8, tumours appeared from passage 16 onwards (36%) with a
decreased latency period (passage 16: 61 weeks; passage 24: 33 weeks). Rats injected
with BP crocidolite-treated cells developed tumours from passage 4 (20%) onwards,
1009 being reached at passage 20, but with a long latency period (mean: 57 £ 5 weeks).
Carcinomas and adenocarcinomas were the predominant types of tumour obtained in
all the groups. In some cases, polymorphic tumours (at a rate of 12-20%) were also
present.

Discussion

Depending upon the in vitro system, some authors have reported the existence of a
synergistic effect of asbestos and chemical carcinogens (Mossman & Craighead, 1981)
while others have failed to find such an effect (Jaurand et al., 1984), but the promoting
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or initiating potency of fibres has not yet been demonstrated in such systems. The
combination of treatment of lung tissue in organ culture followed by treatment of the
explani-derived cells would seem to be a good initiation-promoticn model.

In organ culture, both of the fibres, when adminisiered after BP initiation, were
able to produce precancerous lesions, whereas they were unable to de sc without
initiation. These findings are in agreement with those of Topping and Netteshsim
(1980), who found no metaplastic lesions in grafted tracheal explants treated with
chrysotile.

In cell culture, to avoid problems caused by the high toxicity of chrysotile and to
compare the activity of both fibres, we determined the dose giving a minimum of 0%
cell survival. In our cell system, this was | gg/cm? with crocidolite and 0.4 pg/cm? with
chrysotile. This showed that chrysotile was 2.5 times as potent as crocidolite and is in
line with the data of other investigators working with other cell lines (Hesterberg &
Barrett, 1984). Theresults obtained with regard to CE indicated that the cells wereina
preneoplastic stage and showed that both fibres are more active as promoters than as
complete carcinogens and that the promoting activity of chrysotileis higher than that
of crocidolite.

Injection of the cells confirmed that the prensoplastic stage develops inte a
neoplastic one. Nevertheless, crocidolite cell tumorigenicity appeared earlier in the
promotion group than in the complete carcinogen group, a fact not ebserved with the
chrysotile fibres. The latency period in both chrysotile groups is shorter than that in
the corresponding crocidolite groups.

These results lead us to the conclusion that this model can be used to determine the
complete carcinogen and promoting potency of fibres but not the initiating potency, if
any. Other relevant transformation criteria should be used for that purpose, such as
chromosomal changes or oncogenic activation. The karyotypic analysis of the various
groups is currently under way.
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Summary. Exposure to radon 222 and its daughters has been shown to induce lung
cancer in rats. The cocarcinogenic effect of intrapleurally injected mineral fibresin
rats which have previously inhaled radon has also been established. The aim of this
work was to establish whether a similar process could be induced at a distance from
the lungs by subcutaneous injection of chrysotile fibres. Three groups of animals
were used: (1) 109 rats which inhaled radon only (dose: 1600 working-level months
(WLM)}); (2) 109 rats given a subcutaneous injection in the sacrococcygeal region of
20 mg of chrysotile fibres after inhalation of the same dose of radon; and (3) 105
rats injected with fibres only. No mesotheliomas occurred in any of the 3 groups.
The incidence of lung cancer was 55% in group 2, 49% in group 1 and 1% in group 3.
Statistical analysis using Pike’s model showed thai the carcinogenic insult was
slightly higher in group 2 than in group 1. Electron microscopy analysis of fibre
translocation from the injection site showed that less than 1% of injected fibres
migrated to the regional lymph-nodes and only about 0.01% to the lungs. After
injection, the mean length of the fibres recovered in lung parenchyma increased
with time, suggesting that short fibres are cleared by pulmonary macrophages
whereas long fibres are trapped in the alveolar walls. Although the high tumour
incidence observed in group | might have masked the cocarcinogenic effect
induced by the fibres, it is possible that this effect can occur only at short distances.
The translocation of long, thin fibres to the lung and the chronic inflammatory
reaction are considered as possible promoters of puimonary carcinogenesis.

Introduction

It has been shown that lung cancer can be induced in rats by inhalation of 22Rn
and its daughters at cumulative doses similar to those to which uranium miners are
exposed. The tumours so induced were identical to those observed in humans and
consisted mainly of epidermoid carcinomas and adenocarcinomas (Chameaud ef al.,
1982). The cocarcinogenic effect of intrapleurally injected fibres in rats which had
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previcusly inhaled radon has also been established (Bignon er a/,, 1983). The aim of
this study was to ascertain whether or not a cocarcinogenic process could also be
induced at some distance from the lungs by subcutaneous injection of chrysotile fibres
in rats previously exposed to radon. In this connection, the translocation of fibres
from the injection site to the regional lymph-nodes and lungs was also studied at
various times after injection.

Materigls and methods

Animals
The experiments were carried out on male SPF Sprague-Dawley rats which were 3
months old at the beginning of radon inhalation.

Study of carcinogenesis

Rats were divided into the following 3 groups:
Group 1 (G1): 109 rats which inhaled radon only,
Group 2(G2): 109 rats which were exposed to radon and one month later were givena
single subcutanecus injection, in the sacrococcygeal region, of 20 mg of UICC A
chrysotile fibres, suspended in 1 m! of saline.
Group 3 (G3): 105 rats injected subcutansously with fibres only.

Study of translocation

A total of 25 additional rats were used for this study. Of these, 5 inhaled radon
only, 10 inhaled radon and were then injected subcutaneously with UTCC A chrysotile
fibres, and 10 were injected subcutaneously with these fibres only.

Inhalation of radon

Rats were exposed to a cumulative dose of 1600 WLM of 222Rn at about 40%
equilibrium with decay products according tc a technigue previously described
(Chameaud et al., 1974).

Asbestos fibres
Type A chrysotile fibres obtained from UICC were used. The size characteristics of
these fibres have already been described (Monchaux er al, 1981).

Tissue analysis

Study of carcinogenesis

Rats were allowed te survive for their full lifespan or until they became moribund,
when they were killed. The lungs and thoracic tumours were processed by standard
histological methods. The bronchopulmonary lesions found were graded according to
a staging system derived from the tumour-node-metastasis (TNM) classification
(Bignon &f al., 1983).
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Study of wransiocation

The rats used were killed at days 1, 7, 15, 30, and 60 after fibre injection, and their
lungs and sacroiliac lymph-nodes removed. These organs were analysed by trans-
mission electron microscopy according to a previously described techmique
{Monchaux et al., 1982) in order to determine quantitative fibre translocation from
the injection site to the lungs and sacroiliac lymph-nodes. Two rats from the G2 and
G3 groups in the carcinogenesis study, killed at days 588 and 743 respectively, were
also examined for their lung fibre content.

Statistical analysis of carcinogenic data

Mean survival times in the different treatment groups were compared by means of
Student’s ¢-test. The values obtained for survival time and tumour incidence were
analysed using the model developed by Pike (1966) relating the tumour induction rate
to the survival time. For the model used:

R=1-exp[-b{s-w)¥]
where

R=tumour induction rate

b= carcinogenicity factor of Wagner et al. {1973)

= age-specific death rate of animals dying of lung cancer ¢ days after the
beginning of treatment

w=latency pericd for tumour development

k= constant,

General inflarmmmation

The presence of a general inflammatory reaction in rats mjected with fibres was
tested by determining serum haptoglobin, The rats in the translocation study were
bled by carotid catheterization and their serum was collected. Serum haptoglobin
content was determined by an immunoelectrophoretic technique.

Results
Carcinogenesis

Histological findings

Neither injection-site tumours nor pleural mesotheliomas oceurred in any of the 3
experimental groups, and only one peritoneal mesothelioma was observed in G1.
Table | shows the incidence of lung cancer in the different groups according to
histological type.

According to the TNM-derived classification used, no difference was observed
between G1 and G2 in tumour size, pleural spreading or lymph-node invelvement, but
there were more M2 and M3 metastases in G2 than in G1 (52 as compared with 37%).
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Table 1. Incidence of lung tumours in the 3 experhmental groups sccording to
histological type

Histological type Gl G2 G3
Epidermoid carcinoma 15 17 [
Adenocarcinoma 32 39 0
Bronchioloalveolar carcinoma 7 4 H

Total 547109 (49%) 60/10% (35%) 17105 {1%)

Survival time

There were no statistically significant intergroup differences between the mean
survival times of rats with lung tumours (774140 days in G1, 787113 days in G2 and
783 days in G3).

Statistical analysis

The best estimates of k and w obtained by the method of maximum likelihood were
k=3 and w=415. The values of the carcinogenicity factor b (X10%) were, in decreasing
order of magnitude, 10.5 for G2, 9.3 for G! and 0.1 for G3.

Translocation

It was not possible in this study to measure the absolute quantity of chrysotile
fibres translocated from the injection site to the regional lymph-nodes because the
total mass of these lymph-nodes was not assessed. Nevertheless, the number of fibres
recovered per gram of lymph-node sample increased rapidly during the first month
and then remained relatively constant. At day 30 after injection, the number of fibres
recovered per gram of dried lymph-node tissue varied between 1.4X107 and 2.4X10°.
The proportion of fibres translocated from the injection site to the regional lymph-
nodes was therefore about 1% or less. The fibres recovered in lymph-nodes were
shorter and thicker than those injected. At day 30, only 3% of the fibres recovered in
lymph-node tissue were longer than 4 um.

Most of the fibres recovered in lung tissue were long and thim. For lung
parenchyma, fibre characteristics at different times after injection were systematically
calculated in relation to the weight of the whole lung. Table 2 shows the proportion of
the total number of fibres translocated from the injection site to the lungs and the
proportion of fibres corresponding to the size criteria defined by Stanton et al. (1981)
for assessment of the probability of tumour induction, i.e., fibres longer than 4 um
with a diameter of up to 1.5 pm, and fibres longer than 8 um and less than 0.25 umin
diameter.

General inflammatory reaction
Atday I after injection, the serum haptoglobin content of rats ranged from 1.2 to 2
mg/ml in G2 and from 0.8 to 2 mg/ml in G3 and then decreased with time. Serum
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Table 2. Proportion of the total number of fibres translocated from the injection site in
the lungs and proportion of suck fibres corresponding to the granulometric classes
defined by Stanton®

Time after 0% of fibres % of fibres % of fibres
injection tramslocated to of length >4 pm of length >8 gm
{days) the lungs and diameter and diameter
<1.5 pin <0.25 pm
G2 G3 G2 G3 G2 G3

1 0.005 ND? 0 ND 0 ND?

7 0.008 0.008 0 50 0 30
is 0.01 0.002 52 47 44 29
30 0.02 0.003 67 87 61 87
60 0.02 0.004 71 57 50 29
588 - 0.12 - Kl - 13
743 0.4 - 45 - 13 -

“See Stanton ¢ al. (1981).

BND, not detected.

haptoglobin levels 60 days after injection were between 0 and 0.8 mg/ml in G2 and
about 0.2 mg/m! in G3, compared with the normal level of about 0.7 mg/ml.

Discussion

The results of this study showed that the subcutaneous injection of fibres slightly
increased the incidence of lung cancer in rats which bad inbaled radon previously.
Even though this increase was small, it was confirmed by the carcinogenicity factor b
calculated according to Pike’s model. It is possible, however, that the dose of radon
given to groups ! and 2 might have been too great and have masked the potential
cocarcinogenic effect of the fibres. The TNM method of classification was used for
staging purposes. Stage M2 corresponds to the presence of pulmonary metastasis or of
several tumours in the lungs. The higher incidence of M2 multiple lung tumours in
group 2 as compared with group 1 might be related to a possible synergistic effect of
the fibres on radon-induced lung tumours.

Although haptoglobin may be a poorly sensitive marker of inflammation, a
chronic inflammatory reaction estimated on the basis of serum haptoglobin content
seems unlikely to play a role in such a cocarcinogenic process.



166 Monchaux et al.

The fact that no mesotheliomas occurred in G2 or G3 appears to indicate that the
subcutaneous injection of fibres did not have a cocarcinogenic effect on the pleura, In
any case, it might only be possible to detect such an effect of foreign boedies at a short
distance from the injection site.

The transiocation data showed that only a few fibres migrated from the injection
site to the regional lymph-nodes and lungs. The proportion of fibres translocated to
the lungs increased with time to 0.1-0.2% at day 60. The higher proportion of fibres
recovered in lung tissue at days 588 and 743 might be related to the possible breaking
up of fibres as a result of the chemical digestion of histological blocks previously
embedded in paraffin. However, it is worth noting that the proportion of long, thin
fibres recovered in lung tissue and corresponding to the carcinogenicity criteria
defined by Stanton ef a/. (1981) increased with time and was much higher than in the
injected fibres. These findings therefore suggest that short fibres are cleared by
pulimonary macrophages, whereas long, thin fibres are trapped in the alveclar walls.
Therole of these fibres as a possible synergistic factor in lung carcinogenesis warrants
further investigation,
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Summary. The histological lesions, chromosomal characteristics and trans-
plantability of 6 erionite-induced and 7 UICC chrysotile-induced rat meso-
theliomas are compared. The tumours were of 4 types: tubulopapillary, fibro-
sarcomatous, mixed fibrosarcomatous and tubulopapillary, and mixed fibro-
sarcomatous and chondrosarcomatous. Cell lines derived from these tumours
displayed heterogeneous chromosome anomalies, but none were unique either to
chrysotile or erionite treatment. Six of 7 erionite-induced and 4 of 6 UICC
chrysotile-induced tumours had various anomalies of chromosome No. 1. When 7
cell lines were transplanted into syngeneic rats, ail produced tumours that were
pathologically similar to the original tumour, regardless of the route of injection.
Cytogenetically, the cell lines derived from tumours after intrapleural trans-
plantation resembled the injected cell line, Thecytogenetic analysis of the cell lines
derived from the tumours after subcutaneous transplantation is in progress. The
induction period for transplanted tumours was 28-30 days.

Introduction

Clinical and epidemiological studies have shown that occupational exposure 1o
asbestos causes pleural mesotheliomas. It is also reported that non-occupational
exposure to asbestos in the environment, specifically from old buildings (Nicholson ez
al., 1979), asbestos waste dumps (Nicholson & Pundsack, 1973) and building
demolitions (Nicholson er al,, 1979), may also pose a health hazard. With the
exception of erionite, little is known regarding the potential health hazard of non-
asbestos mineral fibres. Erionite, an aluminosilicate of the zeolite family, is known to
produce mesotheliomas in human beings (Artvinli & Baris, 1979; Baris ef al., 1973).

Animal studies have also indicated that rats exposed to erionite either by
inhalation (Wagner er al., 1985) or by intrapleural injection (Palekar et al., 1985;
Wagner et al., 1985) produce a higher incidence of mesothelioma with a shorter

—167—



168 Palekar et al.

induction period than after similar exposure to asbestos. It is of great interest to know
whether the biological reactions to erionite are similar to those observed for asbestos.

Attempts have been made to evaluate the mechanism of tumorigenesis of erionite.
Morphological transformation of C3H 10T% cells exposed to erionite has been
reported by Poole er al. (1983a). Similar exposure to asbestos has had negative results
(Poole er al.,, 1983b). Cytogenetic analysis indicates that both asbestos and erionite
alter ploidy and produce clastogenesis in exposed mammalian cells (Kelsey e al,
1986; Palekar er a/., 1987).

Inthisinvestigation, we examined 7 rat mesotheliomas induced with erionite and 6
induced with UICC chrysotile. A comparison is made between their histological
appearances, chromosomal anomalies and transplantabilities into syngeneic hosts.

Marerials and methods

Induction of tumours

Erionite or UICC chrysotile (20 mg) was injected into the pleural cavities of
barrier-sustained, male Fischer 344 (F344) rats at 6 weeks of age. The animals were
given food and water ad libitum and necropsied after death. Standard histological
preparations were made for pathological evaluations.

Preparation of cell lines

Seven mesotheliomas from UICC chrysotile-treated animals and 6 from erionite-
treated animals were excised and primary cell cultures were established. The tumours
were excised aseptically and cells were dissociated with 0.25% trypsin (GIBCO). The
cells were maintained in DMEM (GIBCO) supplemented with 1 mg D-glucose per ml,
100 pg sodium pyruvate per ml, 20% (v/v) fetal bovine serum, 2.5 pg fungizone per ml
and 50 pg gentamicin per mi. The cells were incubated at 37°C in 10% CO, in a
humidified atmosphere. Subsequently, confluent cultures were trypsinized and
carried through various passages.

Cytogenetic analysis

A total of 13 tumour cell lines were studied using conventional Giemsa-stained
chromosomes. In all but one cell line, T1, 100 metaphase cells were examined. Fifty
cells were examined in T1. Standard karyotypes of cells with the modal number of
chromosomes were constructed from 2-16 cells from each tumour cell line. Chromo-
somes were arranged in groups A-D according to Levan (1974). With tumour cellline
T3, karyotypes with G-banded chromosomes were prepared, since its modal number
was 42. G-bands were elicited with trypsin according to Arrighi and Hsu (1974). Slides
for G-band analysis were prepared according to Yunis (1981). G-banded chromosome
analysis was also performed on some selected tumour cell lines (T1, T3-T5, T8-T9 and
T11) in order to verify abnormalities in chremosome No. 1.
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Transplantation

Except for T11, the tumour cell lines were subcultured to passages (P) 10-11 and
then injected. T11 was at P19 when injected.

Male syngeneic F344 rats 6-8 weeks old were treated with 2X10¢ cells per 0.5 mi
saline either by intrapleural (i.pl) or subcutancous {s.c.) injection. Control rais
received only 0.5 ml saline. In addition, there were 4 untreated control animals.
Animals receiving s.c. injections were palpated at the injection site, and the time
required for the first appearance of a palpatable tumour was recorded. The animals
were maintained until the tumour was 3 mm in diameter and then euthanized. When
animals receiving i.pl. injections died, they were necropsied. The experiment was
terminated afier one year, when all animals were necropsied. The tumours were
removed from the animals aseptically and divided into 2 parts. One part was preserved
in 10% buffered formalin and standard pathological observations were made, the
other was processed to cstablish a cell line.

Results

Mesotheliomas induced in F344 rats with UICC chrysotile and erionite were
morphologically similar. The pathological evaluations indicated that there were 4
different types: (1) epithelioid (tubulopapillary); (2) mesenchymal (fibrosarco-
matous); {3) biphasic (mixture of epithelioid and fibrosarcomatous); and (4) biphasic
{mixture of cartilage or osteoid tissue and fibrosarcomatous). The cell lines derived
from the epithelioid tumours appeared epithelial-like in virro. Those derived from
fibrosarcomatous tumours were fibroblast-like in vitro and those from the biphasic
tumours were a mixture of both in vitro.

Karyotypes were evaluated for differences or patterns that might be unique and
characteristic of either chrysotile- or erionite-induced tumour cell lines, but none was
readily identifiable, Many different chromosomes were involved and the karyotypes
of the 13 cell lines revealed a heterogeneous display of chromosome anomalies. A
detailed description of these karyotypes will be published clsewhere. The modal
number and anormalies in chromosome No. I are presented in Table . Most of the cell
lines were either aneuploid (T1, T8 and T9) or polyploid (T4-T7, T10-T13). Two cell
lines (T2 and T7) had a population of cells that could be divided into several subpopu-
lations and identified according to their number of chromoscemes, and/ or anomaly in
chromosome No. 1, or by a unigue marker chromosome.

G-banded karyotyping of the T3 cell line revealed that it was pseudodiploid and
had many structural and numerical abnormalities (-5, +14, -16, plus one marker
chromosome) along with a normal pair of chromosome No. 1. Chromosome No. 1 was
frequently abnormal, either structurally (T1 and T8), numerically (T2, T4, T6, T7, T10
and T13), or in both ways (T9 and T11).

The 7 tumour lines injected in 26 animals produced tumours in all of them,
regardless of the route of injection. The saline control and untreated control animals
had no tumours. The results are presented in Table 2. The induction period of
transplanted tumours was 28-80 days. The transplanted pleural tumours were fatal; a
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Table 1. Analysls of chromosome No. 1 in rat mesothelioma tumour cell lines

Mineral fibre Cell line and Chromosome Chromosome No. 14
passage (P) number modal nember
uvice TiPi® 49 1q
Chrysotile T2P3 40, 42¢ -1(40), N(42)
T3P1D 42 N
T4P3P 53-55 -1
T5P1? 76 N
T6P2 92 +1
Erionite T7PI 42, 849 N(42), +1(84)
Tapa® 43 Ip+q', 1g”
TSP2 43 +1q”
TI0P3 63-66 +i
TiIP7 72 +1q”
T11P19Y 70 +1g”
TI2P4 74 N
T13P2 82-84 +1

N, normal pair of chromosome No. ; +1=trisomy |;—1=monosomy; etc.
bCell lines transplanted into syngeneic hosts.
“Bimodat T2 cell tine had two subpopulations identifiable as cells with either 40 or 42 chromosomes.

48imodal T7 cefl line had two subpopulations identifiable as cells with either 42 or 84 chromosomes.

substantial weight loss and death occurred in these animals after a short period. The
necropsies indicated no apparent lesions except small tumours on the visceral pleura
which were identified as mesotheliomas. The animals receiving s.c. injections
appeared healthy before and after a tumour was noted at the injection site. These
tumours appeared morphologically similar to those induced with i.pl. injections.
The transplanted tumours that resulted from an i.pl. injection of tumour cells
yielded in vitro cell lines that were cytogenetically similar to the injected cell lines
{parent cell lines). The cytogenetic evaluation of the s.c. tumours is in progress.

Discussion

The morphological types of the mesotheliomas were similar in the erionite- and
UICC chrysotile-treated animals, This is in agreement with the data presented for
animals by Wagner er al. (1985). Tubulopapillary and fibrosarcomatous meso-
theliomas have also been described in human beings (Suzuki ez al., 1976).

The 13 mesothelioma cell lines examined had numerous chromosomal changes,
but none was specific to either of the 2 groups. Chromosomal heterogeneity has also
been demonstrated in human mesotheliomas (Gibas er al., 1986). The relatively high
incidence of abnormalities in chromosome No.1 (6/7 from erionite-induced and 4/6
from UICC chrysotile-induced mesotheliomas) is of interest. These data suggest that
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Table 2. Transplantation of rat mesothelioma cell lines

Test Tumour Type of Tumour  Type of Incidence of transplanted
material cell tine primary celltype  transplanted tumeurs
tumour? type tumour
Intrapleurat  Subcu-
taneous
UICC Tt TP E TP 2/2 2/2
chrysotile T3 FS & CS E&F FS&CS 2/2 2/2
T4 FS F F8 2/2 2/2
TS5 FS F _ Fs 2/2 ND?
Erionite T8 F8 ¥ FS 2/2 202
T9 Fs F FS 2/2 2{2
T FS & TP E&F FS & TP 2/2 2/2
Saline - - - - 0/4 G/4
control
Untreated - - - - 0/4 0/4
control

4TP, tubulopapillary; FS, fibrosarcomatous; CS, chondrosarcomatous; E, epithelial; F, fibroblast.

bNot done because of insufficient number of cells at the time of injection,

such abnormalities may be common in rat mesothelioma cells, but the significance of
thisis uncertain at the present time; however, it is noteworthy that an H-ras oncogene
has been 1dentified on rat chromosome No.1 (Szpirer et al., 11985).

All cell lines produced tumours in syngeneic hosts. The induction period for the
transplanted tumours was 28-80 days, and their histological characteristics were
similar to those of the primary tumours. Chahinian ef 2l. (1980) have shown that cell
lines from human mesotheliomas injected into nude mice produced tumours
morphologically similar tc the original tumours in a relatively short time. While the
data presented in this paper give no explanation for the difference in the tumorigenic
potency of the two mineral fibres, it is conceivable that this difference in potency may
be a manifestation of their initial interaction with the mesothelioma rather than
connected with the later stages of promotion and/ or tumour growth. This can only be
confirmed by further research on the early stages of tumorigenesis, starting from the
first exposure to mineral fibres.
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Summary. Female Wistar rats were injected intraperitoneally (i.p.) with a
suspension of 11 fibrous and 3 granular dusts. A dose of 0.25 mg actinolite or UICC
chrysotile induced tumours of the peritoneum in more than 50% of the animals.
Even 0.05 and 0.01 mg proved to be carcinogenic, although no adhesions of the
abdominal organs could be observed. The findings are in conflict with the
hypothesis that a scar is always the morphological precondition for the develop-
ment of an asbestos-induced tumour.

Actinolite injected i.p. in a solution of polyvinylpyridine-N-oxide gave a lower
tumour incidence than when suspended only in saline, possibly due to inactivation
of the fibre surface. Persistent glass fibres were less effective than actinolite having
a similar fibre size distribution. On the other hand, relatively thick basalt fibres and
ceramic fibres gave higher tumour incidences than expected, Wollastonite fibres
were not carcinogenic, probably because of their low durability. Large amounts of
polyvinylchloride, a-ferric oxide hydrate and wood dust also led only to adhesions
of the abdominal organs and fibrosis; a definite carcinogenic effect was not
detected.

Introduction

The results of numerous animal experiments have led to the conclusion that the

carcinogenic effect of asbestos is caused by its fibrous particle shape. Moreover, the
fibres must persist in the bronchial wall or in the serosa tissue for a certain time in
order to induce an alteration that can lead to the development of a tumour. Surface

properties may also play a role, but precise data are not available.
The most sensitive model for studying the carcinogenic activity of fibres is the

intraperitoneal test. Using this method, the effect of a number of fibrous dusts was

examined with the aim of finding answers to the following questions:

(1) Can extremely low doses of asbestos induce tumours in a sensitive test model?

(2) Is fibrosis a precondition for tumour development caused by asbestos?
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(3) Does polyvinylpyridine-N-oxide, a well-known inhibitor of the fibrogenicity of

quariz, also inhibit the carcinogenic activity of asbestos?

{4) To what extent do the carcinogenic potencies of wollastonite, certain man-
made minera! fibres, and plastic fibres differ from that of asbestos?

Materials and methods

The fibrous dusts were prepared by cutting and milling the bulk materials. For
some samples, the fraction of thinner fibres was separated by sedimentation.
Information on the origin of the substances used and the method of dust preparation
used has already been published (Pott ef al., 1987). The method of fibre measurement
has aiso been described (Bellman e7 @/., 1987). The fibre size distributions of the dusts

and the numbers of fibres injected per rat are shown in Tabie 1.

Table 1. Fibre length and diameter distribution and number of fibres injected

Fibrous Fibre length? (m) Fibre diameter? (um) No. of Fibre
material fibres mass®
injectedb (%)
{millions)
0% 50%< 0% 10%< 50%< 909%<
Actinolite 0.36 1.10 4.2 0.05 0.10 0.20 102 50
UICC Canadian 0.28 0.67 2.1 0.03 0.05 0.12 202 55
chrysotile
Glass 104/475 0.74 2.6 9.6 0.06 0.15 0.38 680 91
Basalt 35 17 55 0.46 11 34 39 15
Ceramic wool 3.6 13 51 0.36 0.89 22 150 61
(Fiberfrax)
Ceramic wool (MAN) 4.2 16 81 0.50 1.4 4.1 21 6
Wollastonite 4.1 8.1 19 0.62 1.1 22 430 25
~-Ferric oxide - ~0.59 - - ~0.03 - - -
hydrate
e-Ferric oxide - ~p1d - ~0.014 - - -
hydrate
Keviar? 22 4.9 12 0.28 0.48 0.76 1260 88
Polypropylene 4.7 10 28 0.58 1.1 2.2 409 65

" @A fibre is defined as a particle with an aspect ratio >5: 1.

b A fibre is defined as a particle of length >5 um, diameter <3 um, and aspect ratio >3
injected: actinolite and chrysotile 250 ug; for the others, see Table 2,

“Mass of fibres injected as % of total mass injected (fibre definition, see footnoteb)

9More precise measurement is planned.
€An aramid fibre (E.I du Pont de Nemours, Newark, DE, USA).

: 1. Total dust mass
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Female Wistar rats (age 8 weeks) were injected intraperitoneally (i.p.) with
suspensions of the dusis listed in Table 2. The very small amounts of asbestos were
administered in a single injection of 1 ml 0.9% scdium chloride solution; the large
amounts of the other fibre types were divided between 5 weekly injections adminis-
tered in 2 ml sodium chloride solution. Wood dust was injected 3 times (30 + 100 + 150
mg, 50 mg per ml),

Some animals died spontaneously or were killed when in bad health. The surviving
animals were sacrificed 130 weeks after the first treatment (the wood dust group after
140 weeks). A post mortem examination was made of the abdominal cavity. Parts of
tumours or organs with macroscopically suspected tumour tissue were fixed in
formalin and prepared for histological examination on paraffin-embedded H & E
stained sections. The rats examined (listed in Table 2) included all autopsied rats,
together with those which died relatively early, but excluding those iost through
cannibalism. The percentage of dead rats also includes those lost through cannibalism
and is related to the number of rats treated.

Results

The preliminary tumour incidence, latency period, grading of adhesions and
survival time are shown in Table 2. The macroscopic appearance and the method of
grading adhesions have been described elsewhere (Poit ef ¢/, 1987).

Discussion

The results show that thei.p. test is a very sensitive model for detecting and grading
the carcinogenic activity of fibres. However, the influence of particle deposition in the
airways and of lung clearance cannot be simulated by the injection route. The
spontaneous incidence of mesothelioma and sarcoma in the abdominal cavity is low
when those animals which simultaneously have a malignant tumour of the uterus are
excluded. In the Wistar rats used, a malignant tumour of the uterus seems to
metastasize fairly frequently into the abdominal cavity; in the group injected only with
sodium chloride sotution (102 rats), 6 of 15 animals with a malignant tumour of the
uterus also showed mesothelioma or sarcoma of the peritoneum, but in only 2 rats was
a mesothelioma or sarcoma found without a malignant uterine tumour, On the other
hand, it is possible that, in the groups treated with dusts, a tumour was classified as a
metastasis of a spontaneous uterine tumour even though it was induced by the
substance administered and occurred accidentally alongside a malignant neoplasm of
the uterus.

Both actinolite and chrysotile induced tumours after injection of an extremely low
dose. This confirms the findings of Bolton ez o/, (1984). The dose-response relationship
in rats found with the i.p. test obviously cannot be extrapolated to the lung of humans;
however, the results confirm, in principle, the hypothesis that there is no threshold for
the carcinogenicity of asbestos, even at an extremely low dose. No adhesions and signs
of fibrosis were observed macroscopically, Any histologically detectable fibrosis must




Poit et al.

176

apixo-y suplAdifuiakiod ‘ON 14 “1Enp snosqi-uo;

mm (£861) 77 22 nog

sas ‘Auipesd Jo porlew o, tsesarIuaed UL BMOYS S PAPIAIPANS 2 {PIPNIOXI IR SNIANT ] IO SANOCWN] SAIAED [BUTLIO PR A[] UT BUEOJIES 10 EWOIAYI0SI AL »
L07 £5 aEl izl el 8 0 @ zo1/z {Txs} 01 uonnos
SPUOCT WNpog
(suon
- - ol ol szl 01 z (o zs/0 -oafut g) 05T pU023q ‘ISP poos
.%uw«uwv:m
6L 8¢ 0cl (i3] 601 8 0 () £6/2 (07Xs) 001 SpIxOIp WwueN ],
#01 4] 0cl gzl 01 £8 z (on 16/¢ (0016} 005 pPPUOTIAWALIOg
8zl 9zl o€l (v | 801 98 €2 (v s/t (01%x$) 0§ saaquy ausiddordfjog
e (<Y 0E1 971 901 8L z G} £6/¢ (#x6) 0z SIIQIf JB[AIY
3IBIPAY
56 19 VY| O€T 44! £8 z 2] 18/2 (0x5) 0sZ SPIX0 JLIY{-0
05z 2'IPAY
Lol 28 Ofl 0z1 86 L9 T on 6v/8 (06%s) 3pIX0 LI -4
- - otl 74| L01 88 Al (o #5/0 {otxe) 001  (eIpu) sntuoIsEl[OM,
(voneledio a[na
9% 9 8zl 901 15 IL £ (z0 #5721 {c1xg) §L  -URA) [00M OIUEIZT
(xeIp1aqry)
s o€ <6 £9 s 8¢ £ (o) ivlee (6xs) [22 00 JTWEIZ
£8 ¥ g 4] 6L 79 £ (s £5/0¢ (s1x¢} SL (uuRarEy
pue Slamzunin)
[00A JjEseg
69 e oz1 68 9 £5 £ (v £5 /b (ix®) < SLP/H01 ‘seIqy ssepn
[a:] g€ oel (4 £9 [ -0 (£8) 9t /08 001
¢6 8¢ el It 06 08 0 (89) ve/ET $T0 a[nosirys
201 9 otl 821 0l 8 0 (£ 9t /1 S0'0 ueipRUE) 3310
2 8L 0€T 741 ¥IL 56 ] (£3] 9¢ /21 ST ONAd %T ul
66 08 O£l €11 96 tL ] (€D 58 STC ONAd %¥0 w
98 86 €T TII 06 69 0 (96} 9 /02 $T0
66 ¥ 0gi (44| 101 st 0 (zw) %€ /gt $00 ?.W.Eoo R E
911 £01 0 F4} £01 6L 0 (€D se/8 100 AOUNIY
a1p 01 ’
sBrIony B >3 >%00 >%0s >%H0T
(28m1usozad)
SINOMIN] I 818y s1eI Y pauiuexa "op (Tux
JSuolsaype {sInourn) 10 Fur)
JUdIIEa1] 1SIY 121FE {5¥2am) urdsapr] Jo 9pRIG Wia ON ¢¥sed msng

SR JBISIAL F[BUIDY UJ S)SBP
IB[NURAS PUB SNOAGH SNOMBA Jo uondafur jusuoipadrruy 13158 usds 2] PUB SUCISNIPE ,,*90UPIUI MOUINY, °Z 3[ge ],



Srudies with the intraperitoneal iest in rais 177

therefore be extremely small, and it is not usual to call such a small, macroscopically
undetectable fibrosis & scar. In earlier studies, mesotheliomas were also observed
without fibrosis after i.p. injection of a low dose of fibres {Huth & Pott, 1979). A
tumour-promoting effect resulting from chronic foreign body reaction is charac-
terized by extensive collagenous fibrosis (Brand, 1986). Qur observations are therefore
in conflict with the hypothesis that a scar is always a precondition for tumour
development caused by asbestos (Kuschner, 1987). This hypothesis is based on
experiments in rats and observations in humans, where large doses of asbestos caused
marked fibrosis in all cases and a tumour response in a certain percentage of cases. It
should be remembered that exposure to asbestos for a short time or at a low
concentration can induce lung carcinomas or mesotheliomas without any detectable
asbestosis. '

When actinolite was injected together with a solution of polyvinylpyridine-N-
oxide, the latency period was increased and the tumour incidence decreased in
comparison with the group treated with actinolite suspended in saline alone. This
result confirms those of an earlier experiment which showed the inhibiting effect more
markedly (Pott e al., 1987). It remains to be determined whether the polymer
neutralizes a carcinogenic agent on the surface of the actinolite fibres by adsorption, or
whether some side-effect, present only under the experimental conditions, slows down
tumour development.

A comparison of the dose-response relationship of asbestos fibres and man-made
mineral fibres is difficult, because the number of fibres in each size category, their
durability and possibly also unknown surface properties must be taken into account,
and information on these characteristics is still inadequate. Some results are shown in
Table | and Figure 1. On the basis of the available data, the fibre size distributions of
actinolite and glass fibres 104/475 (Manville Corporation, Denver, CO, USA) are
rather similar and both fibre types can be regarded as durable in rats. However, the
number of fibres which induced tumours at a level of 60% was much greater for the
glass fibres used than for the actinolite fibres. This finding confirms earlier results on
the difference between these two dusts (Pott et al.,, 1987). On the other hand, the
relatively thick basalt fibres and one type of ceramic fibre gave high tumour
incidences, although the number of fibres injected per rat was much smaller than in the
glass fibre group. It was found that 0.25 mg actinolite and 75 mg basalt fibres
contained a similar number of fibres longer than § um and gave a similar tumour
incidence. This means that the carcinogenic potency does not decrease with increasing
diameter as has been supposed up to now (Pott, 1978; Stanton & Layard, 1978). The
relatively high percentage of very long ">20 pm) basalt and ceramic fibres (see Table 1)
or some unknown surface properties may perhaps be responsible for this unexpected
effect. The maximum carcinogenic potency of fibres is perhaps not reached at lengths
of less than about 20 pwm.

A rather large number of wollastonite fibres of Indian origin did not induce
tumours. The durability of these fibres in water was low. However, Stanton er al.
(1981) found some tumours after intrapleural administration of wollastonite from a
Canadian mine. The differences in the results underline the experience gained with
other mineral fibres (attapulgite, sepiolite, glass fibres, etc.), namely, that the
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Fig. 1. Numbers of fibres in each size category injected .p. per rat. A fibre is defined as
a particle of lengih/diameter ratic > 5:1,
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mineralogical name or trade name of a fibrous material generally does not give a
sufficient indication of its carcinogenic potency. Up to now, however, it is not possible
to define unequivocally the borderline between carcinogenic and non-carcinogenic
fibres. The effect of durability or the half-life of fibres in vivo on the carcinogenic effect
may be different in rats as compared with humans (Pott, 1987). For practical
purposes, a standard for the definition of carcinogenic fibres should be developed
because the use of inhalable non-asbestos fibres is growing.

The negative results with plastic fibres are harder to evaluate because these fibres
have a greater tendency to aggregate than mineral fibres. Nevertheless, a low positive
effect at least was expected but could not be detected.

All fibres of ~-ferric oxide hydrate seemed to be shorter than 2 um; they gave a
relatively low tumour incidence, as did a similar sample in an earlier experiment (Pott
et al., 1987). The fibres of a-ferric oxide hydrate were much shorter and were not
found to be carcinogenic. It appears unlikely that ~-ferric oxide hydrate possesses a
specific chemical carcinogenicity in contrast to the a-form. It can therefore be
concluded that the carcinogenic activity of fibres starts at a fibre length of 1-2 um and
increases with increasing length. However, it will be realized that a low tumour
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responseto an extremely large number of fibres 1-2 ym in length in a very sensitive test
can hardly be considered as relevant for humans.

Titanium dioxide was injected into a control group as a granular dust. The low
tumour incidences in the groups treated with large amounts of polyvinyichloride,
wood dust, and o-ferric oxide hydrate demonstrate that the Oppenheimer effect
{Oppenheimer et al., 1948} is not detectable under such conditions, although large dust
deposits in the abdominal cavity and significant adhesions of the organs were
observed. It can be concluded that the mechanism of fibre carcinogenicity differs
essentially in some way from the tumorigenesis induced by large foreign bodies.
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TOXICITY OF AN ATTAPULGITE SAMPLE
STUDIED IN ViIVO AND IN VITRO

A. Renier!, I. Fleury!, G. Monchaux?, M. Nebut!,
J. Bignon! & M.C. Jaurand!

UNSERM Ui39, CHU Henri Mondor, Créteil, France
*Commissariat 4 UEnergie Atomique, Fontenay aux Roses, France

Summary. Conflicting data are found in the literature concerning the carcinogenic
potency of attzpulgite. We tested the carcinogenic potency of French attapulgite in
rats, and compared it with 2 chrysotile samples: Rhodesian UICC(Ch A) and short
Canadian fibres (Ch C). The mean length of the fibres was 0.77 um (attapulgite},
3.21 ym (Ch A) and 1.25 pm (Ch C). The mean diameter was 0.06 ym in the 3
samples.

The particles (20 mg) in saline were inoculated into the pleural cavity of
Sprague-Dawley rats allowed to survive for their full lifespan. The incidence rates
of mesothelioma were: 09 (saline controls), 0% {attapulgite), 19% (ChC) and 48%
(Ch A).

In vitro studies were carried out using cultures of rat pleural mesothelial ceils
{RPMC). Attapulgite and Ch C did not modify cell growth except at high doses of
10 g/ om?. Unscheduled DN A synthesis (UDS) was detected using[3HJthymidine
incorporation in confluent RPMC (GoG1 arrested) and a scintillation method.
UDS was stimulated with either Ch A or Ch C at doses ranging from 2 to 10
ug/em?. In contrast, attapulgite did not significantly enhance [*H)thymidine
incorporation at doses ranging from 2 to 20 pg/cm?.

The results show that the attapulgite tested here had no carcinogenic potency.
The in vivo and in vitro reactivity of the fibres used in this experiment might
perhaps be related to the fibre size, however, other parameters may also be
important.

Introduction

Attapulgite is a fibrous clay widely used in industry and commerce. Because of its
fibrous nature, its carcinogenic potency has been debated. Epidemiological data do
not show any relationship between exposure to attapulgite and neoplasia but animal
data are conflicting. Several authors have reported the occurrence of mesothelioma
following intrapleural or intraperitoneal incculation of some attapulgite samples
(Pott et al., 1974) while others found no carcinogenic effect (Stanton er al., 1981). In
this paper, we report data on the effect of French attapulgite. 7n vivo, attapulgite was
inoculated in the pleural space of rats. I vitro, the effects of attapulgite on rat pleural
mesothelial cell cultures was determined, firstly, by measuring cell growth, and
secondly, by testing for the stimulation of unscheduled DNA synthesis (UDS), a
method used for evaluating the genotoxicity of chemicals.

—180—
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Materigls and methods

Fibres and chemicals

Attapulgite was obtained from a deposit at Mormoiron, France. Rhodesian
chrysotile (Ch A) was a gift from the UICC and short Canadian chrysotile {Ch C) from
J.F. Kimmerle {Quebec, Canada). Mean fibre lengths were 0.77 pm (attapulgite), 3.21
um{Ch Ajand 1.25 ym {Ch ©). The mean diameter was 0.06 gm for the 3 samples. The
percentages of Stanton fibres {length>4 um, diameter < 1.5 um) were 0, 25.7and 3.5
respectively. Fibres were dispersed by sonication in culture medium for 5 min
(Jaurand ez al., 1983).

Hydroxyurea was purchased from Sigma. [3H]Thymidine, specific activity 29
Ci/ mole, was purchased from the Commissariat 3 'Energie Atomique. The phosphate-
buffered saline (PBS) used contained no magnesium and calcium.

Rats

Invivo experiments were carried out with 2-month-old male Sprague-Dawley rats
which, slightly anaesthetized, were given an intrapleural injection of 20 mg of the
different fibre samples in 1 ml of saline (0.9% NaCl). Each group comprised 36 rats; a
control group received saline only.

All rats were housed throughout their lifespan. Lungs and thoracic tumours were
fixed and processed for histological analysis according to standard methods.

Rat pleural mesothelial cells

Rat pleural mesothelial cells (RPMC) were obtained from rat parietal pleura and
cultured with standard methods in CEB flasks (CML, France). The procedure for cell
isolation and routine subculturing have been described elsewhere (Jaurand et al,,
1981). RPMC were between 7 and 15 passages and cultured with Ham F 10 (Seromed,
Biopro, France) supplemented with 109 fetal calf serum (Flow) and 2 antibiotics,
namely, penicillin (100 U/ml) and streptomyein (50 pg/ml) (Biomérieux). Cells were
grown in a humidified atmosphere of 5% CO, in air at 37°C,

Growth analysis

Twenty-four hours after subculturing, RPMC were treated with the various fibres.
After 48 h, they were washed with PBS, incubated in fresh medium and counted in situ
in an inverted phase-contrast microscope (Jaurand et al., 1983).

Unscheduled DNA synthesis

RPMC were cultured to confluence with Ham F 10 in complete medium on glass
coverslips (1 cm?) in multi-well plates (24 wells, CEB). Ten coverslips were used for
each fibre concentration. The medium was replaced with RPMI 1640 medium
containing 1% fetal calf serum and 5 mM hydroxyurea for 24 h. Cells were then treated
with fibres in RPMI 1640 + 1% fetal calf serum + 5mM hydroxyurea containing
[*H]thymidine for 20 h; uptake was stopped by 3 washings with phosphate-buffered
saline, and acid-soluble material was removed by rinsing 3 times in 5% cold
trichloroacetic acid for 60 min.
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Thereafter, the coverslips were placed in vials with scintillation fluid to determine
the radicactivity. The cell protein content was determined according to Oyama and
Eagle (1956).

Results were expressed as cpm/ ieg of protein. Statistical analysis was carried cut
using tests.

In addition, the ratio (R) of thymidine incorporation in the control culture to
thymidine incorporation in the treated cuiture was calculated.

Results

In vivo experiments

Animals treated with attapulgite did not develop mesothelioma. Their survival
time (7881155 days} was very similar to that of control rats (809+110 days). In
conirast, 48% of the animals treated with Ch A developed mesothelioma and 199 of
those treated with Ch C. The survival time was 5911130 days in the Ch A-treated
group and 788%138 in the Ch C group.

In vitro experiments

Cell growth

Attapulgite at 1, 2 and 4 pg/cm? was not cytotoxic; however, at 10 ug/om?, cell
growth was inhibited. The same pattern was observed with Ch C, In contrast, Ch A
was highly cytotoxic, since a 409% decrease in cell number was observed after 48 h of
incubation with ! pg/cm? (Figare 1).

Unscheduled DNA synthesis

UDS was not modified by attapulgiteat 2 and 4 ug/cm2, At 10 zg/cm? there wasa
significant increase in one experiment.

Ch A and Ch C were significantly more potent in stimulating DNA repair. An
increase of about 209 was observed with 2 pg/cm? (Tables | and 2).

Discussion

The attapulgite used in the present experiments was not carcinogenic following
intrapleuralinoculation in rats. The in vitro data reported here may be relevant to this
result. Attapulgite was poorly cytotoxic to RPMC, in agreement with data reported
on other cell types (Reiss et al., 1980; Woodworth er @/, 1983), and its low UDS
enhancement indicates that this sample, unlike chrysotile, may be only a very weak
DNA-damaging agent. Previously, we reported no induction of sister chromatid
exchanges by another sample of attapulgite (Achard er al., 1987) and UDS was not
induced in hepatocyies (Denizeau et al., 1985).

The lower rate of mesothelioma obtained with Ch C when compared with Ch A
might be related to a size effect, as reported by Stanton ef ol. (1981), and this might
explain why this attapulgite sample was not carcinogenic following intrapleural
inoculation. However, 2 more complete study has been reported elsewhere using
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Fig. 1. Relative vighility (RV} of RPMC treated with different doses of CHAE), Ch T

(o) or Att (A). RV represents the ratio of the mumber of cells in the {reated culture o
the number of cells in the control culiure.

Ry
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Table 1. Unscheduled DNA synthesis in rat pleural mesothelial cells (RPMZ)
{cpm/ug of protein * standard deviation)

Mineral RPMC Dose (ug/cm?)

strain

0 2 4 10

Attapulgite Di1g 18+2 18%2 191 20x22

D138 6145 5947 51411 59110

AR 1543 14+1 1542 1642
Canadian chrysotile F12 3543 564107 54150 58+150
Rhodesian DIls 18+2 1842 23440 2+30
chrysotile F12 5949 80+11% Hxnd  85+7.80

F12 35+3 51460 514112 47490

A28 3845 47+7b s2t6b 62470
4p<20.01

bp<0.005
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Table 2. Unscheduled DNA synthesis in rat pleura] mesothelial cells: values of RY

Mineral Dose {(ug/cm?)

0 2 4 1
Attapulgite i $.9910.04  0.96xD.11 1.05+0.08
Canadian chrysotile 1 1.6 1.5 1.7
Rhodesian chrysotile 1 1.21+0.15 1.53+0.28 1.4530.14

AR, ratio of thymidine incorporation {cpm/pg protein) in the control culture to thymidine incorporation
{cpm/ ug protein) in the treated culture (mean = standard deviation)

9 samples of fibres {Jaurand es al., 1987). It was observed that other parameters {e.g.,
chemistry) were also important in carcinogenic potency.

Determination of UDS seems to be a useful means of predicting the carcinogenic
potency of mineral dusts but further experiments need to be carried out in order to
assess its predictive value.
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Summary. Both shori-term and long-term, low and high doses of parenterally
administered choline produce pathological lesions in lungs and lymph-nodes of
rats and guinea-pigs. Male guinea-pigs given choline by intraperitoneal injection,
40 doses of 50 mg of choline chleride, S days per week for 8 weeks, developed lung
lesions consisting of peripheral nodules of small cells, neoplastic bronchiolar
epithelium, carcinomatous lesions and changes in the pleural surface by the end of
the experiment (680 days). In a second group, a single intraperitoneal injection of
15 mg of chrysotile asbestos given after 210 days of choline administration resulted
in the early onset of pulmonary lesions at 570 days but there was, in addition,
evidence of enhancement of cancerous lesions both in lung and in lymph-nodes at
570 days and 680 days as compared with choline alone, It is clear from the present
experiment that the parenteral administration of carcinogenic mineral fibres
(chrysotile asbestos) and availability of excess choline act synergistically in
producing cancerous lesions in lungs and other organs.

Introduction

Choline (trimethyl-8-hydroxyethylammonium) is a quaternary ammonium com-
pound widely distributed throughout the plant and animal kingdoms. It is a natmrally
occurring substance of relatively low toxicity in comparison with many other
guaternary ammonium compounds. However, it has been reported that high doses of
choline are rapidly lethal (Hodge, 1944). High intake of choline produces acute
gastrointestinal distress, sweating, salivation and anorexia (Woed & Allison, 1982},
Methylamines formed after cheline ingestion, and which possibly act as substrate for
the formation of nitrosamines, showed marked carcinogenic activity (Zeisel ef al.,
1983). The marked toxiceffects of methyl isocyanate (MIC) on the lungs of mice, rats
and guinea-pigs may alsc possibly be due to methylamine, which is the first reaction
product of MIC (Andersson ef al., 1985).

The purpose of the experiment reported here was to investigate the effects
produced by parenteral administration of carcinegenic mineral fibre (chrysotile
asbestos) in conditions where organ-specific toxicity was produced by administration
of excess choline,

—185—
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Marerials and methods

A total of 23 male goinea-pigs, obtained from the Anirnal Breeding Facility of the
Indusirial Toxicology Research Centre, Lucknow (average body weight, 325 g), were
kept on stock laboratory diet (Hindustan Lever Pellets), leafy vegetables and
drinking-water ad libitum. They were divided into 3 groups, Group I consisting of 10
animals into which 50 mg of choline chloride in 2 ml of sterile distilied water was
injected intraperitoneally (i.p.) for 5 days per week for a period of 8 weeks. Group II,
also of 10 animals, was treated in the same way but, at day 210, 15 mg of chrysotile
asbestos in 2 mi of .15 M sodium chloride solution was injected i.p. The remaining §
animals (Group III) served as controls. After 570 and 680 days of choline chloride and
chrysotile asbestos administration, the animals were killed and their lungs and other
organs removed and fixed in 10% formol saling. The tracheobronchial lymph-nodes
were excised carefully and fixed in Bouin’s solution, Paraffin blocks were prepared
and 5-um thick sections cut. Multiple sections were stained with haematoxylin and
eosin, silver impregnation for reticulin, Giemsa’s stain for lymph-nodes and Perl’s
stain for asbestos bodies,

Resuits
The histopathological findings are summarized in Table 1. Detailed results for the

different groups are given below.

Table 1. Histopathological grading of lesions in lungs and lymph-nodes of guinea-pigs
given choline or choline and chrysotile asbestos

Lesion Group I Group {1 Group IIT

570 days 680 days 570 days 680 days 570 days 680 days

Laung

Hyperplasia + ++ ++ ++ - -

Lymphatic + + ++ ++ - -
dilation

Pleural ++ ++ +++ +++ - -
changes

Reticulin ++ ++ +++ +++ - -
pattern

Tumours + ++ +++ ++++ - -

Trachechronchial lymph-nodes

Eosinophils + ++ ++ +++ - -

Reticulin ++ ++ ++ +++ - -

pattern
Tumours + + ++ +++ - -
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roup 1 {choline chioride alone)

At 570 days, a well marked cellular lining of the pleural surface was observed. Near
this surface, the bronchioles and lymphatic vessels were seen to be pulled out of the
outer limiting contour of the lung lobe, remaining attached to the lung by a connecting
cellular band containing hyperchromatic cells (Figure 1). At 680 days, the significant
changes seen were dysplasia of the mucosa with occasional parakeratotic koilocytic
changes in the bronchiolar epithelium. At 680 days, the medullary region of the
lymph-node contained large amounts of pigment.

Fig. 1. Lung at 570 days after parenteral adminstration of choline. Cellular mass
outside the lung lobe containing hyperchromatic cells and attached to the lung by
conmecting cellular band. Haematoxylin and eosin X 182
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Group II {choline chloride and chrysotile asbestos})

At 570 days, the bronchioles were lined with transformed epithelial cells and the
lumen was filled with cellular debris and pigment {Figure 2). At 680 days, bronchiolar
carcinoma together with collections of neoplastic cells around bronchioles, blood
vessels, and in and around the lymphatics were observed. The visceral pleura showed
generalized thickening of the mesothelium, which was more prominent at some places
where it appeared neoplastic. In the lymph-nodes at 570 days, granulomatous lesions
were found, together with the deposition of pigment and eosinophils in the medullary
region. Perls-positive asbestos bodies were not seen at either 570 or 680 days.
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Fig. 2. Lung at 570 days after parenteral adminstration of choline followed by
chrysotile asbestos treatment. Bronchiclar epithelium showing neoplastic changes
{(arrow) together with cell debris and pigment in the lumen. Haematoxylin and eosin X 240

Group 111 {control)
No pathological changes of significance were seen in the lungs and tracheo-
bronchial lymph-nodes of control animals at either 570 or 680 days.

Discussion

It is clear from these experiments that chronic choline administration produces
characteristic pathological lesions in lungs and lymph-nodes. The results were in
agreement with those of earlier experiments in rats (Sahu & Shankar, 1984; Sahu et
al., 1984, 1986). It is still not clear why choline, after parenteral administration,
produced the organ-specific toxic changes in the lungs and associated lymph-nodes. In
combination with i.p. administered chrysotile asbestos, it produced not only the early
onset of pulmonary lesions but an enhancement of such lesions. Parenteral
administration of choline produced the condition described above in guinea-pig lungs
and lymph-nodes at 210 days. Choline also acted synergistically with chrysotile
asbestos to produce cancerous lesions in lungs and lymph-nodes. The mechanism
responsible for the production of such enhanced organ-specific lesions is not known.
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CYTOTOXICITY AND CARCINOGENICITY
OF CHRYSOTILE FIBRES FROM
ASBESTOS-CEMENT PRODUCTS

F. Tilkes & E.G. Beck

Institute of Hygiene, Justus-Liebig University of Giessen,
Federal Republic of Germany

Summary. Fitres from weathered asbestos-cernent products have little or no
haemolytic activity, as compared with UICC chrysotile; this is probably the result
of magnesium leaching during the weathering process. Weathered samples of
asbestos cement are cytotoxic, but the release of lactic dehydrogenase (LDH) by
guinea-pig alveolar macrophages caused by low and intermediate dust concentra-
tiong of UICC chrysotile is greater than that of such samples. The influence of
serum is different as between UICC chrysotile and asbestos cement. In the former,
LDH release by macrophages is enhanced, whereas it is reduced in the latter.
Cytotoxicity is length-dependent in respect of LDH release from macrophages and
proliferating cells, as well as cell proliferation,

Inalltest systems, the sample from the unweathered core of an asbestos-cement
plate is less toxic; only in the haemolysis system using an unbuffered solution can
erythrocyte destruction be observed. This may be because this sample contains
fewer single fibres than the others and because the specific surface of those fibres is
smaller. The carcinogenicity of the weathered asbestos-cement chrysotile fibres is
comparable to that of standard chrysotile fibres following intraperitoneal (i.p.)
application.

Introduction

Asbestos-cement products contain about 15-20% chrysotile. As a result of
meteorological factors and air pollution, their surfaces become weathered and fibres
are exposed. From a biological point of view, the question arises as to the magnitude
of the adverse effects of these fibres on health, and in particular their carcinogenic
potential, as compared with that of the standardized original material.

In this study, suitable physically and chemically well-characterized fibre samples
from a highly corroded and weathered 20-year-old asbestos-cement plate taken from a
building roof were subjected to biological testing (Tilkes & Beck, 1986).

Materials and methods

Fibres

Three well-characterized samples were prepared by Spurny et al. (1986) from a
weathered asbestos-cement plate. Two fibre fractions were prepared from the
weathered plate surface, one with a fibre length of up to 18 um (AC-long)
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and the second with a fibre length of up to 13 pm (AC-short). A third sample was
prepared from the core of the corroded plate, which had never been in contact with the
ambient air. For purposss of comparison, a sample of UICC standard chrysotile
(Rhodesia) was employed which had approximately the same fibre size distribution as
the samples derived from the weathered asbestos-cement plate surface. A cement
fraction served as a non-fibrous control {Table I).

Table 1. Physical properties of dust samples

Property? UIcC Long Short Core Cement
chrysotile asbhestos- asbestos-
cement fibres  cement fibres

Lg 4.1£3.7 3.343.0 3124 45+4.8 -
Dg {(um) 0.3£0.1 0.310.1 0.3+0.1 0.3%+0.1 -
Lg/Dg 12.3+11.3 14,0+12.1 10.8+9.2 13.1£11.3 -
Fibres/ ug 1.6 1.86 2.1 14 -
(milkions)
Specific 2492 26.43 264 19.54 15.31
surface
(m?/g)

"LF, mean fibre length; DF’ mean fibre diameter,

Test systems

Haemoglobin release of rat erythrocytes — haemolysis.

LDH release of guinea-pig alveolar macrophages.

Phagocytic capacity of rat alveolar macrophages after exposure to dusts.
Proliferation and LDH release of phagocytosing tumour cells (mesothelioma
induced in Wistar rats after i.p. administration of nemalite) after exposure to the
described dusts.

Ealh ol

Animal experiment
In this experiment, 2 mg and 10 mg of each fibre fraction and 25 mg of cement
suspended in saline solution were injected i.p. into female Wistar rats (3-4 months old).

Resulis and discussion

Haemolysis

The results show that, in phosphate-buffered saline and in minimal essential
medium with HEPES, only the UICC chrysotile sample causes haemolysis. In 0.9%
sodium chloride and veronal buffer, the core and cement samples also show a dose-
dependent release of haemoglobin {Figure 1).
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Fig. 1. Haemolysis of rat erythrocytes 2 h after incabation with different dusts in
veronal buifer (concentration in mg/mi). COR, corundum; DQq,, Doerentruper
quartz; LONG AC, long asbestos-cement chrysotile; SHORT AC, short ashestos-
cement chrysotile; CORE AC, chrysotile from the core of the asbestos-cement plate;
UICC, VICC chrysotile {Rhodesia).

I
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Haemolysis

CORE uIcc CEMENT
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The pH measurements on suspensions of exposed material help to explain these
results. Cement-containing samples show a higher pH (8.8-10.4) than the adjusted
physiological value of 7.2-7.3. It seems that, in this case, only the surface pH of the
dusts accounts for the haemolytic activity demonstrated. With higher buffering
capacity, the haemolysis decreases. Chrysotile fibres from asbestos-cement dusts
lacking non-fibrous cement particles exhibit only a weak erythrocyte destruction, as
compared with UICC chrysotile. In the case of cement, the haemolytic activity
decreases at the higher concentrations of 1 and 2 mg/ ml. A high absorption capacity
for free haemoglobin is probably the reason for these results.

Macrophages

Enzyme release :

The specific cytotoxicity was calculated using the values for the negative control
corundum (= 0%) and the positive control Doerentruper quartz (DQ,,) (==1009) and
expressed as percent toxicity relative to these.

X - corundum

Percent toxicity (X) = X100
DQy; - corundum

The results obtained were as follows (see also Figure 2):

1. When high concentrations are employed, the long and short asbestos-cement
fibre samples and the UICC sample are of similar toxicity.
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2. Atlower concenirations, UICC chrysotile is the most toxic, followed by the long
and short asbestos-cement samples derived from the surface of the asbestos-
cement product.

3. Thesamples derived from the core of the product give rise to significant enzyme
release only at the highest concentration.

4,  The effect of adding 5% feial calf serum varies. Whereas the toxicity of all
asbestos-cement samples is reduced, the enzyme release of UICC chrysotile is
enhanced.

Fig. 2. Release of lactic acid dehydrogenase (LDH) by guinea-pig alveolar macro-
phages exposed for 20 h t¢ 3 different concentrations of the test samples. 1, 50 pg/18¢
eells; 2, 108 ug/106 cells; 3, 150 ug/ 106 cells. - FCS, without fetal calf serum; 5% FCS,
with 5% fetal calf serum; CO, control without exposure. For other abbreviations, see
Figure 1.
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The above-mentioned enhancing effect with UICC chrysotile can perhaps be
explained by an increase in the phagocytic capacity of the macrophages inthe presence
of serum. The reason for the protective effect of serum observed in all samples
prepared from the asbestos-cement plate is unclear, Possibly in this case the coating of
the fibre surfaces by serum proteins plays both a greater and a different role than with
UICC chrysotile. In the past, we have observed a similar effect with coal mine dusts
and kaolinite.
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Phagocytosis

The determination of the phagocytic activity of rat alveolar macrephages after
exposure to the dusts at a concentration of 150 ug/ 109 cells gave the following resulis.
Asbestos-cement dust from the surface causes a depression of macrophage activity
similar to that produced by UICC chrysotile, whereas the cement and the core fraction
have no significant effect (Figure 3).

Fig. 3. Phagocytic activity of rat alveolar macrophages 20 h after exposure to different
asbestos-cement dusts (150 ug/106 cells), measured by luminol-enhanced chemi-
luminescence.

TORE- AC

CEMENT

UICC- CHRYSOTILE
CONTROL

SHORT- AC
LOMG- AC

Chemiluminescence (cpm x 1073)

Time of zymosan phagocytosis

Cell line

Proliferation

. The results show the same toxicity ranking as enzyme release in macrophage
cultures, but the differences between the UICC chrysotile, on the one hand, and the
asbestos-cement sample, on the other, are much greater. Whereas the long fraction of
asbestos-cement fibres reduces the cell number to 60% of the original figure 92 h after
exposure, the short fraction reduces it to 83%.

Enzyme release

A comparison of LDH release at 92 h yields similar results (Figure 4). Enzyme
release after exposure to UICC chrysotile is extremely high, the next highest being that
produced by the long asbestos-cement sample. Once again, the short fraction from the
surface of the weathered plate shows a significantly lower cytotoxicity with respect to
this parameter as well. The sample from the core of the asbestos-cement product and
the pure cement sample cause only weak cell damage in terms of both parameters.

Carcinogenicity
The incidence of abdominal tumours observed after 1.p. injection of the various
dusts is shown in Table 2.
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Fig. 4. Release of lactic dehydrogenase (LD H) by proliferating tumour cells 92 h after
incubation with test semples. CO, control; COR, corundum; LONG, long asbestos-
cement fraction; SHORT, short ashestos-cement fraction; UICC, UICC chrysotile
{Rhodesia); CORE, core asbestos-cement fraction. 1, 150 pg/2X10° cells; 2, 306
122/ 2X10° cells
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Table 2. Incidence of abdominal tumours afier intraperitoneal injection

Dust Dose No. of Tumour
{mg) animals incidence
per group (%)
Phosphate-buffered saline control ¢ 50 1
Cement 25 50 6
UICC chrysotile (1009 fibres) 2 50 50
10 25 54
Long asbestos-cement chrysotile 2 50 38
(30% fibres) 10 25 32
Short asbestos-cement chrysotile 2 50 49
(approx. 30% fibres) 10 25 32
Core 2 50 22
(approx. 109 fibres) 10 25 48

As can be seen from the Table, the carcinogenicity of the weathered asbestos-
cement chrysotile fibres is comparable to that of the standard chrysotile fibres
following i.p. injection and to the results of Muhle er a/. (1986).



196 Tilkes & Beck

References

Muhle, H., Pott, F., Spurny, K., Fuhst, R. & Takenaka, S. (1986) Carcinogenic effect of
weathered asbestos cement products in rats. In: Gesellschaft fiir Aerosolforschung,
American Association for Aerosol Research, ed., Aerosol — Formation and Reactivity,
Oxford, New York, Pergamon Press, pp. 309-310

Spurny, K., Marfels, H., Pott, F. & Muhle, H. (1986) Investigetion on Corrosion and
Weathering of Asbkestos Cement Products as well as on the Carcinogenic Effect of
the Weathering Products. Berlin, Umweltbundesamt, Report No.104 08 » 314, pp.
1-172

Tilkes, F. & Beck, BE.G. (1986) Fibres from asbestos-cement products in the cell culture. In:
Gesellschaft fur Aerosolforschung, American Association for Aerosol Research, ed.,
Aerosol — Formation and Reactivity, Oxford, New York, Pergamon Press, p. 335



QUALITATIVE AND QUANTITATIVE EVALUATION
OF CHRYSOTILE AND CROCIDOLITE FIBRES WITH
INFRARED SPECTROPHOTOMKETRY:
APPLICATION TO ASBESTOS-CEMENT PRODUCTS

F. Valerio & 1. Balducci

Environmental Chemistry Laboratory,
National Institute for Cancer Research, Genoa, Italy

Summary. Infrared (IR) spectrophotometry allows simple and rapid qualitative
and quantitative evaluations of different types of asbestos, as well as of other
inorganic particles. In particular, chrysotile and crocidolite have characteristic IR
spectra, and optical density measurements in the 2710 nm band for chrysotile and
the 12 820 nm band for crocidolite permit the quantitative evaluation of each fibre
either alone or in mixtures, IR spectra alsc provide information on changes in fibre
structure and in chemical composition as the result, for example, of thermal
treatment or acid leaching.

The analytical method that we have developed can detect amounts as small as
0.1 mg of fibre in a 300-mg disk of potassium bromide using a low-cost IR
spectrophotometer. The use of a Fourier transform IR spectrophotometer
dramatically improves the sensitivity and selectivity. Computer-assisted analysis of
spectra offers the possibility of reducing matrix interference and of comparing
different spectra. The application of the IR technigue tc asbestos-cement products
and insulating materials is described.

Introduction

The analytical techniques most widely used for the identification of asbestos fibres
require expert and well-trained personnel (polarized light microscopy) (MacCrone,
1980) or expensive equipment, and the analysis is long and tedious (electron
microscope, X-ray microanalysis) (Middleton & Jackson, 1982; Malami et al., 1981).
In general, these techniques also require very careful standardization (Anderson &
Long, 1980).

Some authors have reported the use of infrared (IR) spectrophotometry for this
purpose (Luoma et al., 1982; Coates, 1977; Jolicoeur & Duchesne, 1981; Beckett et al.,
1975; Marconi, 1983; Hlavay et al., 1984). Based on our experience also, this method
deserves greater attention. In fact, although it does have some limitations, mainly as a
result of possible matrix interference, it is capable of quickly providing both
qualitative and quantitative (Kimmerle et al., 1984) information on the type of
asbestos contained in the sample material.

In our laboratory, a simple IR spectrophotometric method has been developed,
using a low-cost instrument, which allows the quantitation of chrysotile and
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crocidolite fibres present in a sample mixture in about 90 min. Using a Fourier
transform IR spectrophotometer (FTIR) and computer-assisied analysis of the
specira, we also applied the IR technigue to asbestos-cement samples. In this case, the
problem of the matrix effect was easily overcome and the sensitivity was improved.

Materials and methods

Crocidolite and Rhodesian chrysotile and amosite were provided by UICC.

Samples of asbestos-cement products and the raw materials for their preparation
(asbestos fibres and cement) were kindly supplied by Eternit.

Potassium bromide for IR spectrophotometry and analytical grade ethanol were
obtained from Merck.

A Perkin Elmer 710-B double-beam, and a Perkin Elmer 1700 FTIR spectro-
photometer were used and spectra wers analysed Using a program produced by Perkin
Elmer (PE 983) and a PE 3600 data station,

All the fibre samples were analysed by the potassium bromide disk method, the
potassium bromide being ground and dried in an oven at 110°C for 12 h.

A suitable amount of each sample (asbestos, cement and their mixtures) was
weighed and ground in an agate mill for 3 min with two drops of ethanol. As soon as
most of the ethanol had evaporated, 300 mg of potassium bromide were added. The
sample was mixed until homogeneous and then heated to 110°C for I k. The mixture
was then placedin a press and a pressure of 12 tons was applied, under vacuum, for 10
min, after which the potassinm bromide disk was submitted to IR analysis,

Spectrophotometric analysis was carried out by scanning in the range 2500-16 000
nm. Absorbance in the selected analytical bands was calculated and adjusted
according to the width of the disk. This procedure was used both with disks containing
a single type of fibre and with disks containing a mixture of two types of fibres.

Disks contained from 0.3 to 1 mg of a single type of fibre, while the total amount of
fibre in the disks containing a mixture ranged from 1.1 to 2 mg. Each measurement
was made in duplicate.

Results -

The results obtained with asbestos standards have shown that, under our
experimental conditions, 0.3 mg is the minimum measurable amount using a PE 710-B
IR spectrophotometer.

The main IR absorption peaks for chrysotile, crocidolite and amosite and the
corresponding wave numbers are shown in Table I (Hodgson, 1979). Quantitative
determinations were based on the absorbance in characteristic bands for each type of
fibre,

For chrysotile, the band at 2710 nm, corresponding to the OH stretching vibration,
was chosen. For crocidolite, the band at 12 820 nm was used. Absorbance was linearly
correlated with the amount of each fibre in the potassium bromide disk (Table 2). This
result was practicially unchanged when a fixed amount of a particular fibre was mixed
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with a variable amount of another. The results were adequately reproducible. The
standard deviation of the absorbance values for the disks with the smallest amount of

fibre was 11% of the value of the mean.

Table 1. Wavenumbers {em ™) of principal IR sbsorption peaks for ashestos minerals

Item Chrysotile Crocidolite Amosite
O-H:
stretching vibration 3686 3636 3656
3640 3619 3637
- - 3518
Si-0:
stretching vibration 1078 1143 1128
1020 1110 1082
960 989 996
897 981
Silica chain and ring - 778 775
vibration - 725 703
- 694 638
- 668 -
- 636 -
Cation~oxygen:
stretching vibration 615 541 528
504 498
481
426

Table 2. Equations of calibration curves for pure and mixed asbestos fibres

Equation Correlation
coefficient
Chrysotile? = (Absb+0.0136)/ 0.491 0.960
Crocidolite® = (Absb+0.0097)/ 0.192 0.997
Chrysotile® = (Absb - 0.0006)/0.505 0.969
and crocidolite®
Crocidolite? = Abs? - 0.0051)/0.196 0.995

and chrysotiled

?The concentration was expressed as mg of fibre in 300 mg of potassium bromide disk.

b Absorbance (Abs) was measured at 2710 nm for chrysotile and at 12 820 nm for crocidolite.
“Variable amounts of chrysotile with 0.8 mg of crocidolite.

4y ariable amounts of crocidolite with | mg of chrysotile.
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Fibre identification in insulating material and asbestos-cement products

The analytical method described was used to identify inorganic insulating
materials of unknown composition.

The IR spectrum obtained from a sample of insulating rope used in alumininm
casting and from insulating materials sprayed on the frames of a public building are
shown in Figures 1 and 2.

Fig. 1. IR spectrum (PE 710B) of insulsting rope. The sample was identified as
chrysotile

4000 3600 3200 2800 2400 2000 1890 600 1400 1200 1000 800 800 400

Wave number (cm™!)

The spectrum of the first sample closely matched that of chrysotile and the absence
of interference made it possible to determine the percentage of asbestos fibre in the
sample (25%).

In the second sample, a preliminary examinatiom by phase-contrast light
microscopy excluded the presence of crocidolite, and the IR spectrum showed a good
correlatien with that of amosite.

In mere complex situations, as in analysing asbestos-cement products, the use of
computer-assisted analysis made it possible to subtract the spectrum of pure cement
(Figure 3) from that of a sample of asbestos-cement tile (Figure 4). The spectrum
obtained (Figure 5) showed a pattern very similar to that of chrysotile.




Evaluation of fibres with IR spectroscopy 201

Fig. 2. IR spectrum (FE 1700 FTIR) of insulating materizl. The fibre was identified as
amaosite.
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Fig. 4. IR spectrum of cement used {0 prepare asbhestos-cement tiles
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Fig. 5. Difference spectrum between Figures 3 and 4.
ThePE 983 program for IR analyses was used, with a PE 3600 data station. The arrow
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Discussion

Possible interference with chrysotile

Kaolinand antigorite (non-fibrous serpentines), absorbing at 3770 and 3650 cm—!,
can interfere with chrysotile. In this case, useful indications are given by the spectrum
between 400 and 300 cm—!, where chrysotile has a characteristic band at 300 cm~1. The
presence of an absorption peak at 1040 cm~! may confirm the absence of antigorite in
the sample (Marconi, 1983).

Possible interference with crocidolite

Some difficulties may arise in interpreting IR spectra when two amphiboles are
present in the sample at the same time, for example, crocidolite and amosite, since
their spectra between 4000 and 600 cm~1 are quite similar. Examination of the spectra
between 600 and 300 cm~! may help in overcoming this problem, as crocidolite has a
typical band at 315 cm-! that is not present with amosite.

To avoid this problem, some authors have suggested that the mixture should be
subjected to different physical and chemical treatments (Jolicoeur & Duchesne, 1977;
Chen, 1977). Thus, thermal ireatment affects the stretching vibration of OH groupsin
chrysotile fibres, which disappear at temperatures above 650°C. Chrysotile is also
very sensitive to acid treatment, while amosite and crocidolite are less affected. When
doubts exist as to the true composition of a sample, therefore, thermal pretreatment or
acid leaching may give useful additional information.

From the results reported here, the following scheme may be used for the
identification by IR spectrometry of asbestos fibres used as lagging in buildings:

(1) Examination by optical microscopy to verify the presence of fibrous material

in the sample.

(2) If necessary, destruction of the organic matrix by heating. If a cement matrix
is present, the fibres can be separated by sedimentation (Bagioni, 1975) or by
treatment with 0.1M hydrochloric acid.

(3) Determination of IR spectra in the range 4000-200 cm~1.

(4) Identification of fibrous material in the sample by comparison of the IR
spectra with a set of reference spectra.

(5) If confirmation is necessary, subjection of fibres to thermal and/ or chemical
treatment (acid leaching) and comparison of the resulting changes in the IR
spectra with those of reference samples after similar standardized treatment.
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Introduction

In this paper we summarize current knowledge of environmental exposures to
fibrous dust. We present first what is known from studies using air fibre measure-
ments, then the data from lung burden studies. Very few non-occupational environ-
ments exist for which both types of data are available, but these are particularly useful
in extrapolating from exposure to intrapulmonary deposition. The biological
significance of lung fibre content at the levels considered here is in most cases
unknown, but reported effects are mentioned.

Five categories of "environmental’ exposure can be distinguished: (1) exposure to
urban atmospheric fibre pollution; (2) exposure in buildings to asbestos and man-
made mineral fibres (MMMF); (3) exposure arising from natural or geological
sources; (4) exposure near industrial or mining ‘point sources’ of fibre emission, as well
as from brake emissions; and (5) domestic exposure.

Environmental exposure as reflected by fibre levels in air samples

Urban atmospheric fibre pollution

Mineral fibres have been identified in urban air samples from Canada (Chatfield,
1983; Sébastien et al., 1986), France (Sébastien et al., 1983), South Africa (Holt &
Young, 1973), the Netherlands (Lanting & van Boeft, 1983), the United Kingdom
(Burdett e al., 1984), the United States (Nicholson, this volume, pp. 239-261), Federal
Republic of Germany (Friedrichs, 1979; Spurny et al., 1979), Italy (Vigliani et al.,
1976), Switzerland (Litistorf et al., 1985), and Japan (Kohyama, this volume, pp.
262-276). The fibre type most commonly identified in these studies has been chrysotile,
usually short (less than 5 ym in length) and present in low concentration as a
homogeneous ‘background’. Sulfates such as calcium sulfate are also frequently seen
(Middleton, 1978; Spurny et al., 1979). ‘Glass’ fibres — structures containing silica and
probably corresponding to varieties of MMMF — have also been identified in urban
atmospheres (Gaudichet e al, this volume, pp. 291-298) as have a variety of
miscellaneous fibres,
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Asbestos and MMMF exposure in buildings

Evidence of specific exposure of building occupants is still controversial
Environmental studies conducted in buildings have either been systematically positive
or systematically negative. It is clear, on closer examination, that measurement
method is the determining factor. Roughly speaking, studies using the so-called ‘direct
method’ have not reported levels above background (Burdett & Jaffrey, 1986;
Chatfield, 1983). Our own view is that the direct method effectively raises the detection
imit, and is therefore less appropriate as well as less reliable (Sébastien e7 a/., 1986).
When indirect methods are used, asbestos-containing floor tiles, insulating and other
materials appear to increase concentrations to up to 1000 times the background level
(Constant et al., 1983; Nicholson ef 4., 1975; Sébastien et al., 1982, 1983). Not all
buildings containing asbestos materials are polluted. To determine whether a given
building is contaminated, air measurements must be performed: there is no
predictable relationship between architectural configuration and air asbestos concentra-
tion,

Recent studies in France (Gaudichet ef g/, this volume, pp. 291-238} have also
identified increased levels of MM MYF in some buildings in which these materials were
used.

Atmospheric fibre poliution arising from natural (geological) sources

Naturally occurring soil fibre contamination has been reported in several parts of
the world. Studies in central Europe (Hillerdal, 1980), and in Corsica (Boutin e7 al,,
1986), have noted pleural plaques and calcifications, suggesting the possibility of such
exposure,

Within Europe, there is an apparent ‘pleural arc’ extending from Finland through
the USSR, Austria, Czechoslovakia, Bulgaria, Turkey and Greece within which
increased observations of pleural plaques and calcifications have been attributed to
fibre exposure from natural deposits of tremolite, anthophyllite or chrysotile. To our
knowledge, air measurements in this area have been performed only in Corsica, where
low levels of chrysotile and tremolite have been recorded (Steinbauer ef al., 1987).
There are also reports of environmental air pollution from natural sources in the
United States (Cooper et ai., 1979; Rohl e a/., 1977) and in the ‘mesothelioma villages’
of Cappadocia, Turkey.

The situation in Turkey requires special comment. Erionite is the fibre type most
probably implicated in certain villages of Cappadocia, where mesothelioma pre-
valence and mortality figures are markedly increased (Artvinli & Baris, 1979, Baris et
al., 1978, 1987: Simonato et al.. this volume, pp. 398-405). While environmental
exposure to erionite in these villages was suggested by early bulk analysis of local rock
samples {Ataman, 1978; Pooley, 1979), results of air measurements have been
equivocal (Baris er al., 1981, 1987).

Asbestos fibre poliution near industrial and mining sites and from brake emissions
No data are available for non-asbestos fibres (MMMEF, clay, etc.) contaminating
the air in the neighbourhood of industrial sources of these materials. ‘Neighbourhood
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exposure’ has been documented only for asbestos in studies, infer alia, of mining sites
(Sébasticn et al., 1986), manufacturing plants and dumping sites (Burdett ez al., 1984;
Harwoed ef /., 1975; Lanting & den Boeft, 1983). In all of these studies an increase
was found in neighbourhood air fibre concentrations. For brake emissions, divergent
resulis have been noted {Alste e gl., 1973; Sébastien et al., 1983}, The study reported
by Kohyama {this volume, pp. 262-276) suggests that brake emissions are a source of
serious asbestos air pollution near main roads in Japan,

As an example of industrial/ mining neighbourhood asbestos air pollution, we
report here some of the results of our recent studies in the mining towns of Quebec
{Sébastien ef al,, 1986). Throughout 1984, a network of 9 sampling stations in the
mining towns and in control urban (Montreal) and rural environments was used to
obiain monthly data. Using transmission eleciron microscopy (TEM), we found
measurable levels of chrysotile at all stations. These proved in some months to exceed
those in the conirol areas by a factor of up to 250. There was marked seasonal
variation, which can be almost entirely explained by weather conditions and by the
month-to-month differences in activity of the Quebec mining industry throughout
1984,

Geometric mean annual chrysotile concentrations were 0.7 fibres per litre (f/1) in
control areas, 33.3 in Asbestos, 39.9 in Thetford Mines and 110.4 in the nearby town of
Black Lake. Tremolite concentrations were generally very low, being unmeasurable in
control areas and 0.2 /1 in Asbestos. While still low in absolute terms, tremolite
concentrations in Thetford Mines were almost one order of magnitude higher than
those in Asbestos, at 1.5 {/1. As described below, this has important consequences for
lung tremelite accumulation.

Afr fibre levels resulting from domestic exposures

Surprisingly, few studies have systematically reported domestic or household
exposures for family members of workers exposed to asbestos and other fibres. To our
knowledge, only Nicholson e al. (1980) have reporied air measurements in such
envirenments. In that study, levels as high as 2000 ng/ m? were recorded in the homes
of asbestos workers,

Summary
Current knowledge of envirenmental exposure to mineral fibres can be sum-
marized as follows:

(1) Few or no data exist on actual measurements of exposure to the two main
types of industrially significant non-asbestos fibres: MMMF and clay fibres.

{2} A number of asbestos air fibre measurement studies have been carried out in
contaminated buildings and for industrial/mining neighbourhood fibre-
emission sources, However, in most cases there are no accompanying
biological data.

(3) For some areas where neighbourhood and domestic exposures to asbestos
have occurred, we have goed epidemiolegical evidence of asbestos-related
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disease but few corresponding air fibre measurements. Examples include the
classie mesothelioma study of Wagner e/ /. in South Africa (1960), other
instances of mesothelioma associated with household exposure (Hammond
et al., 1979; McDonald & McDonald, 1980) and observaiions of pleural
plaques in several areas in the ‘pleural arc’ (Kiviluoto, 1960; Boutin ef al.,
1986).

{4} 'There are currently only 3 environmental situations in which we have air
measurement, epidemiological and lung fibre burden daia. These are the
studies in Corsica (Boutin ef al., 1986), in Cappadocia (Artvinii & Baris, 1979;
Bariseral., 1978, 1987, Sébastien e al., 1984; Simonato e7 al., this volume, pp.
398-405) and in the Quebec mining area {Case & Sébastien, 1987, 1988a;
Sébastien ef al., 1986).

Environmental exposure as reflecied by fibre levels in lung samples

Scurces of variation in lung fibre analvtical studies

The division of environmental air sampling studies into 5 categories is relatively
straightforward. While the same scheme is followed in the presentation of the lung
fibre analytical data, the situation is much more complex. As an example, consider a
child going to school in a town near an asbestos mine, He or she may be exposed to
asbestos or other fibres at school (building exposure) and domestically exposed if the
father or mother works in the mines or mills; and is certainly exposed in varying
degrees to both geological and industrial sources, as well as to the normal
‘background’ pollution.

The most common deficiency of tissue analytical studies of ‘environmentally
exposed’ individuals is poor definition of the target population. It is often difficult or
impossibie to exclude the possibility of occupational exposure, and misclassification
inevitably occurs, Interpersonal variation in smoking habits, inhaled fibre dose, and
respiratory clearance patterns further complicate the picture. Lung sample site may
affect the results. Differences have been found between lung lobes (Morgan & Holmes,
1983, 1984), between peripheral and central parenchyma (Churg & Wiggs, 1987;
Morgan & Holmes, 1983; Sébastien ef al., 1977), between subpleural and parenchymal
areas (Sébastien er /., 1980) and even between immediately adjacent sites (Churg &
Wood, 1983).

Once sampling is completed, a plethora of technical factors may further
complicate the analysis. Sample size, lung disease (Case & Sébastien, 1987b; Churg &
Wood, 1983} and prior preparation (embalming, choice of fixative, paraffin
embedding) may lead to modifications in final fibre concentrations (Vallyathan &
Green, 1985). Methods used to remove organic constituents (chemical digestion versus
low-temperature ashing) (Gylseth & Skaug, 1986); filtration method; and filter load,
type and pore size (Erlich & Suzuki, 1987; Gylseth & Skaug, 1986; O’Sullivan et al.,
1987) all produce measurable variation, Differences in instrumentation, identification
criteria, counting rules, final magnification and detection limit lead to marked
interlaboratory differences (Gylseth ez al., 1985).




Fibre levels in lung and air samples 211

Given the degree of error possible, it is important that reporting criteria be
standardized and that studies have sufficient case numbers. Controls are often poorly
chosen, unmatched, or selected from autopsy series having nothing in common with
those from which cases were derived.

Despite these difficulties, a number of lung analytical studies have produced
results which correspond well to the environmental air sampling data. Typical
‘asbestos bodies’ are usually counted via optical microscopy (Churg, 1982). Individual
fibres are best identified using TEM at high (generally X 6600 or greater) magnifi-
cation. A wide variety of inorganic mineral fibres are best quantitatively assessed
(type, concentration and dimensions) using TEM coupled to elemental identification
systems, such as energy-dispersive X-ray analysis (EDXA),

Urban and rural residence and lung fibre content

The occurrence of typical asbestos bodies in lung tissue has been known since 1927
(Page, 1935). Most early studies concentrated on sputum analysis of asbestos industry
workers (Page, 1935; Simson & Strachan, 1931), but Simson reported one case in
which asbestos bodies were present in lung tissue after an exposure limited to 2 months
(Simson & Strachan, 1931). Thomson et al. (1963) found asbestos bodies in the longs
of 25% of Cape Town residents, in the first studies to specifically assess urban
environments. In 1969, Selikoff and Hammond reported a higher incidence {males
51%; females 38%) among 2000 New York City zutopsies. In 1977, Churg and
Warnock (1977a,b, 1979, 1980, 1981) began an important series of studies outlining
the frequency and nature of asbestos bodies in general autopsy populations, They
showed that asbestos bodies can, with proper methodology, be found in the lung tissue
of 96% or more of autopsies (Churg, 1982; Churg & Warnock, 1977a). Ina study of
asbestos bodies of non-occupationally exposed individuals with low counts of such
bodies, they found that almost all were formed on amphibole fibre cores (Churg &
Warnock, 1979).

Lung burden studies have confirmed the presence of asbestos bodies in most urban
and rural residents, with excesses in the former {Breedin & Buss, 1976; Case ef al.,
1988b). Asbestos bodies have been found in infant lungs (Haque er al., 1985), but
concentrations are significantly correlated with increasing age (Case er al., 1988b),
implying a relationship with cumulative amphibole exposure from all sources.

TEM lung fibre analytical studies confirm the predominance of short chrysotile
fibres, as found in air measurements in urban environments. Langer and Selikoff
(1971) found chrysotile in 24 of 28 New York City residents. Churg and Warnock
(1980) assessed 21 autopsies from urban dwellers with low (<100 per g dry lung)
counts of of asbestos bodies. Of the asbestos fibres identified, 80% were chrysotile, and
909 of chrysotile fibres were less than 5 um in length. Most amphiboles present were
of the non-commercial variety, suggesting environmental exposure. In analyses of 65
male forensic autopsies across Canada, chrysotile fibre (longer than 5 um) concentra-
tions have been found to be unrelated to large city residence or to age (Case ef al.,
1987¢). Conversely, commercial amphibole and tremolite concentrations peak in the
40-60-year-old age-group in males and are highest in lung tissue from
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residents of large cities. It appears, then, that long amphibole fibres, present in
air-sampling studies and in lung in much smaller numbers than chrysotile fibres,
accumulate in tissue, accounting for the presence of asbestos bodies and their
correlation with increasing age and urban residence.

While asbestos has received most attention, other fibres account for approxi-
mately half the lung burden in general populations {Case er al., 1988b; Case &
Sébastien, 1987; Churg, 1983). Relative proportions vary from study to study,
depending on mineralogical identification criteria and analytical methodology, but
fibrous tale, titanium (rutile), mica and other silicates have been reported as having the
highest concentrations (Case & Sébastien, 1987). MMMF of 3 chemical types have
also been identified in low concentration in a number of subjects in ongoing work in
our laboratory.

Exposure in buildings and lung fibre content

Given the great concern with regard to asbestos contamination in buildings and
resulting from asbestos removal, it is surprising that not a single systematic tissue
analytical study has been performed in this area. Churg and Warnock (1977a) did
study asbestos body counts in 28 patients who had ‘insulated or built their own homes’
{not necessarily asbestos-exposed), finding no excess.

Sources of geological exposure and lung fibre content

Lung burden studies have confirmed excesses in several areas where asbestos or
other fibrous minerals occur naturally. Since such minerals have commercial value,
they are also mined in these areas, and it is difficult to separate ‘natural’ sources from
those associated with economic activity, Tremolite, usually accompanied by chryso-
tile, has been isolated from the fungs of individuals who lived near mineral deposits
containing that fibre in north-western Greece (Langer et a/., 1987), Cyprus
(McConnochie et al., this volume, pp. 411-419), north-eastern Corsica (Magee ez al.,
1986) and a farming community 30 km from the Quebec serpentine belt (Case &
Sébastien, unpublished data). In every instance, however, domestic or neighbourhood
exposure to tremolite or chrysotile in current or former mining operations or in
products used in housing (e.g., tremolite in whitewash (Langer et al., 1987)) are likely
to have contributed. Epidemiological studies are not yet complete, but preliminary
findings suggest an excess of pleural pathology (plaques or mesothelioma) in Greece
(Langer et al., 1987), Cyprus (McConnochie er al., this volume, pp. 411-419) and
Corsica (Boutin er al., this volume, pp. 406-410).

Animportant series of studies, including air and bulk sampling data, lung burden,
and epidemiological surveys, has related erionite exposure to mesothelioma and lung
cancer incidence in certain villages of Cappadocia, Turkey (Baris et al., 1987,
Simonato et al., this volume, pp. 398-405). Although erionite is only slightly increased
in air samples, sputum analysis has clearly demonstrated an age-related excess of
ferruginous bodies in residents of 2 affected villages as compared with controls
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{Sébastien ef al,, 1984). Studies on lung tissue from sheep grazing near control and
‘mesothelioma’ villages also show an excess of erionite in the latter {Baris er al., [987).
The superior ability of tissue analysis to differentiate between case and control
populations suggests that lung burden reflects cumulative rather than current
exposure o airborne erionite.

Lung fibre burden following indusirial neighbourhood or domestic exposures

Separation of non-occupationally exposed individuals with a history of household
exposure from those exposed only to mine or plant emissions is extremely difficult.
Churg and Warnock {1977a} were unable to find excess asbestos bodies in autopsy
lung from 25 women whose husbands worked in the steel or construction industries,
but ashestos exposure history was not specifically ascertained. Bianchies ¢/, (1983),in
an autopsy study performed near an Italian shipyard, found 8 of 27 women
domestically exposed and with pleural plagues to have asbestos body counts
exceeding 1000 per g dry lung.

The only set of studies in which both environmental and lung tissue analytical data
are available for a population exposed both domestically and via neighbourhood
poilution is that in the Quebec chrysotile mining region (Case & Sébastien, 1987,
[988a; Sébastien ef al., 1986). The serpentine belt of Quebec can be divided for
practical purposes into 2 distinct subregions, the first of which is the single, large
open-pit mine at Ashestos, Quebec. About 70 km distant, separated by a range of hills,
is the Thetford Mines/Black Lake/East Broughton area (henceforth designated
‘Thetford’). The latter comprises many mines and tailings which sometimes surround
the co mmunities, as in Black Lake, where the highest current air levels (0.027 £/ ml)
have been recorded (Sébastien ez a/., 1986). As indicated above, chrysotile accounts
for the majority of the fibres present in air in both areas, but tremolite, while low in
absolute terms, is one order of magnitude higher in Thetford.

Our previous work in Asbestos demonstrated a clear excess of asbestos bodies in
the lungs of 22 long-term residents without a history of work in the mining or milling
industry, as compared to controls from the same autopsy population (Case &
Sébastien, 1988a). TEX/ EDXA analyses (Case & Sébastien, 1987) showed lungs from
these men and women to contain excess chrysotile, with fibre size distributions closer
to those in chrysotile miners and millers than to controls. Tremolite levels were
indistingnishable from those in control autopsies.

Recently, we completed a S-year tissue analytical study in the Thetford area.
During that period, all autopsies (¥==200) underwent an initial screening performed by
M Christian Pratte and Dr M. Poulin. Those known to have worked in the mines or
associated mills or factories were excluded and for the remaining 25 individuals,
personal interviews were conducted with next-of-kin to determine whether there was a
history of occupational or domestic exposure to asbestos. Three men and one woman
missed in the screening procedure were found to have had occupational exposure in
the chrysotile indusiry. Two subjects had lived on farms in a community 47 km from
the mining area throughout their lives. Of the remaining 19, nine were found to have
had domestic exposure of 15 vears or more, and 1¢ had had only neighbourhood
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envircnmental exposure. There were no differences in any parameter (age; vears lived
in region; pleural plague incidence; ashestos body counts; fibre types, concentrations
and length and diameter distributions) between ‘domestic’ and ‘neighbourhood’
groups.

Median asbestos body counts and total asbestos fibre concentrations were one
order of magnitude lower in the two subjects living farthest from the mines than in the
19 environmentally exposed subjects (p<<0.05; Wilcoxon rank sum). Asbestos body
counts and tremolite, chrysotile and total asbestos concentrations were highest in the 4
occupationally exposed subjects (p<00.01).

To illustrate the relationship between current air sampling levels of chrysotile and
tremolite and lung fibre burden (Table 1), we compared the 19 environmentally
exposed Thetford subjects with our previcusly published data on 19 controls and 22
environmentally exposed individuals in Asbestos (Case & Sébastien, 1988a). We also
compared environmental groups with a group of miners and millers from Thetford. As
expected, intrapulmonary chrysotile levels are higher in Asbestos and Thetford than
in the control area, but somewhat lowar than those in Thetford miners and millers,
Retained chrysotile fibres were longer and thinner in both Thetford groups.

Table 1. Lung fibre burden in two Quebec chrysotile mining communities

Item Controls? Asbestos: Thetford
environmental®

Environmental® Occupational?

No. analysed 19 22 19 22
Asbestos bodies? 8o¢ 480°¢ 1880¢ 35000¢
Chrysotile {f/ ,ug)d 0.08¢ 0.28 0.33¢ 2.2¢
Tremolite (£/ ug)? .06 0.08 0.39¢ 17.2¢
All asbestos (f/ ug)? 0.26¢ 0.57¢ 1.16¢ 24.6¢
Tremolite/all fibres (%) 14 13 37 4
Asbestos/all fibres (%Y 43 60 75 91

@Environmental groups include those exposed nom-occupationally either at home (domestic)

or through residence near mines (neighbourhood exposure). Controls are from the same

autopsy population as for the Asbestos environmental group {Case & Sébastien, 1987, 1988a). The Thetford

occupational group includes unselected miners and millers from the same autopsy population as the

Thetford environmental group.

bMedian typical asbestos body count per g dry lung tissue.

Cp<0.05 or less as compared with every other group (Wilcoxon rank sum for medians; independent sample
y group

-test for geometric means).

dGeometric mean fibre concentration per ug dry lung tissue

€p<0.05 or less, except as compared with Asbestos (Wilcoxon rank sum for medians;

independent sample f-test for geometric means).

SArithmetic mean percentage.
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Tremolite was present at the level of detection in controls and in Asbestos, one
order of magnitude higher in Thetford, and another one to two orders of magnitude
higher in Thetford workers. Tremolite fibre lengths were similar in all areas, but again,
both Thetford groups had lower mean fibre diameters.

These results parallel almost exactly the air sampling data for 1984 (Sébastien ef
al., 1986), although it is reasonable to assume that environmental levels of both
chrysotile and tremolite were much higher in the period during which subjects in both
mining areas acquired most of their lung burden. Lung tremolite concentration is
probably of greatest importance in both fibre accumulation in tissue and the
production of biological effects. We found a significant correlation between lung
tremolite concentration in the environmentally exposed in Thetford and years lived in
the mining region {Spearman rank R=0.52; p<<0.05}, and no correlation for chrysotile
(R=0.09). Further, although no asbestos-related lesions had been noted in the
environmentally exposed in Asbestos, 4 of the 19 Thetford residents had pleural
plagues, and one (with domestic exposure) had a mesothelioma confirmed by
histology review.

Conclusions

In summary, non-occupational lung burden studies are influenced by choice of
cases and controls, interpersonal and technical factors, and in most cases by a number
of possible sources of exposure. Theresults of such studies are unlike air sampling data
since they largely reflect lifetime accumulation rather than a current cross-section.
Chrysotile may be an exception, in that its rapid clearance from lung makes it 2 better
indicator of recent rather than cumulative exposure. Conversely, lung tremolite and
possibly erionite content appear to accurately reproduce lifelong exposure histories,
even at non-occupational levels.
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Summary. The mineral content of the lungs from 84 cases of malignant pleural
mesothelioma was estimated by electron microscopy and energy-dispersive X-ray
analysis. These cases were chosen because the history of asbestos exposure was
absent, indirect or ill-defined. The occupational exposures were classified
according to the method of Zielhuis, and the results indicated that this classi-
fication is unnecessarily complicated. The chrysotile counts in the lungs from these
mesothelioma cases were similar to those in controls and in a previous series of
mesotheliomas in which the majority had had direct exposure to asbestos.
Amphibole counts were intermediate between those in controls and in the previous
series of mesotheliomas with direct asbestos exposure. These findings confirm
those of previous studies indicating that amphiboles are more important than
chrysotile in the causation of malignant mesothelioma. The results confirm that
some mesotheliomas develop in the absence of asbestos exposure.

Introduction

The association between asbestos exposure and the development of malignant

mesotheliomas of the pleura and peritoneum is welil recognized (Wagner et al., 1960).
The majority of series of malignant mesotheliomas reported in the literature have
found evidence of asbestos exposure in 68-99% of cases (Borow et al., 1973; Cochrane
& Webster, 1978; Tagnon et af., 1980; Whitwell & Rawcliffe, 1971). However, in some
series, the association has been found in less than 50% of cases {Brenner et al., 1982;
Oels et al., 1971). This has led to the suggestion that other agents may cause malignant
mesothelioma (Greenberg & Lloyd Davies, 1974; Peterson ef al., 1984). Agents which
have been implicated in the causation of malignant mesothelioma include radiation
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{Hirsch e 2/, 1982; Maurer & BEgloff, 1973), beryllium (Dels ez al., 1971}, chronic
inflammation {Brenner ¢ af., 1982; Roggli e al., 1982) and non-asbestos mineral
fibres (Wagner & Pooley, 1988).

There are sgveral possible explanations of the differing proportions of cases with
associated asbestos exposure reported in the various series, including misdiagnosis of
malignant mesothelioma, unreliable occupational histories and different geographical
populations, Histopathological diagnosis of malignant mesothelioma can be
extremely difficult, and it is for this reason that sxpert panels have been set up (Jones
et al., 1985; Planteydt, 1980; Spirtas ef al., 1986). Since exposure to asbestos may
precede the appearance of malignant mesothelioma by several decades, the exposure
history wnay be unreliable; egqualiv, if the persons involved are influenced by
considerations of compensation in particular cases, then exposure to asbestos may be
over-estimated.

In this study we have examined the mineral fibre content of lungs from persons
who have died from malignant mesothelioma of the pleura in whom the history of
asbestos exposure was absent, indirect or vague. The objectives of the study were to:

(1} correlate lung mineral content with the Zielhuis groupings of occupational
gxposure to asbestos;

(2) determine whether any mesotheliomas were unrelated to asbestos exposure;
and

{3) compare the role of amphiboles and chrysotile in the causation of meso-
thelioma.

Materials and methods

The mineral content of the lungs was evaluated in 84 cases diagnosed between 1979
and 1986 by A.R. Gibbs, J.S.P. Jones and/or J.C. Wagner as definite or probable
malignant mesothelioma of the pleura in which exposure tc asbestos was absent,
indirect or ill-defined. Exposure histories were classified according to Ziehuis (1977):
Group Ia = direct exposure to asbestos; Group [b = indirect exposure to asbestos, e.g.,
non-asbestos workers in the shipbuilding industry; Group II = paraoccupational
eXposure, e.g., the wives of males working with asbestos; Group Iil = neighbourhood
exposure,e.g., people living in the vicinity of asbestos-processing factories; Group IV
= gxposure to asbestos in ambient air; and Group V = no exposure to ashestos.

The mineral content was anzlysed electron microscopically (Pooley & Clarke,
1979). Biocks of formalin-fixed lung were selected from the apex of the upper lobe, the
apex of the lower lobe and the base of the lower lobe, pooled and dried at 8°C, digested
in sodium hydroxide, washed and ashed in an oxygen atmosphere. The final extract
was suspended and filtered on to a Nuclepore filter. The filter preparation holding the
known weight of dried tissue was coated with carbon, the filter dissolved with
chloroform and the carbon film mounted on to a gold electron microscope grid. These
preparations were exarnined electron microscopically for fibrous particles and their
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aumbers counted, the values obtained being related 1o the original weight of lung
tissue. A total of 100-200 fibres were analysed by the energy-dispersive X-ray
technigue to determine the percentage of the different types of fibres.

Results

All mineral fibre counis are expressed in numbers of fibres X10¢ per g of dried lung
sissue.

Of the total number of mesotheliomas, 61 occurred in males and were of the
following types: epithelial 23; mixed 18; connective tissue 20. The 23 which ocenrred in
females were of the following histological {ypes: epithelial 11; mixed 9; connective
tissue 3, ‘

The numbers in the different Zielhuis groups, together with age and sex, are shown
in Table I; mean total and differential fibre counts are shown for each of the Zielhuis
groups in Table 2, while Tables 35 show the total and differential fibre counts for
Zielhuis groups 2, 3 and 5.

Table 1. Numbers of mesotheliomas in different Zielhuis groups, age and sex

Zielhuis Total no. of Mean age and age range M:F
group mesotheliomas {years) at death

ia 16 68.2 (42-82) 16:0
Ib ) 28 65.1 (44-83) 27:1
It 13 62.1 (47-72) 1:12
I 5 55.4 (3117 0:5
v 1 69.0 0:1
v 21 64.4 (41-83) 17:4

Table 2. Mean total and differential fibre counts for different Zielhuis groups

Ziethuis Total no. Fibre count (range in parentheses)

group of cases Total no. Amosite Crocidolite Chrysotile

Ia 16 37.6 4.5 1.8 19.6
(0-255) (0-64.6) (0-15.7) {0-229)

b 28 249 0.5 0.5 14.8
{2.6-345) (0-25.0) (0-18.3) {0.5-438)

I 13 2778 1.5 318 2189
(5.6-2507) (0-6.1) {0-251.1) (1.9-2507)

jusl 5 174 1.7 5.2 147.9
(14.6-779.1) (0-7.9) (0.8-9.1) (6.0-692.5)

v 1 6.4 0.1 0.9 L5

v 21 42.5 0.7 5.5 19.6

(0-188.3) (0-4.6) (0-101.7) (0-76.5)
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Table 3. Total and differential fibre counts for Ziethuis Group II {parzoccupational
CESES)

Fibre count

Cass no. Total Amosite Crocidolite Chrysotile Muilite
45 51.1 1.0 4.3 258.1 18,7
48 1518 4.6 7.6 135.1 4.6
47 2563.5 ¢.0 265 2507.0 0.0
48 78.1 235 9.9 28,5 3.4
49 307.0 0.0 251.8 3to 24.9
50 61.5 1.2 1.2 9.2 49.9
51 2512 0.0 1088 62.2 80.3
52 5.6 00 0.0 1.9 34
53 48.3 2.2 0.0 28 334
34 207 6.1 16 6.7 4.1
35 26.1 0.3 0.3 29 8.3
56 58.3 2.2 0.0 25.8 30.3
57 432 090 0.0 7.2 339

Table 4. Total and differential fibre counts for Zielbuls Group II (neighbourhood
eXPOSUre)

Case no. Total Amosite Crocidolite Chrysotile Mutiite
58 779.1 79 7.9 692.5 70.8
59 36.1 04 3.2 23.8 8.7
60 16.9 6.0 5.1 8.2 3.6
61 232 0.0 8.1 6.0 8.1
62 4.6 0.0 0.8 3.9 4.9

Tremolite was found in only 8 cases, but in only 2 did the number of fibres exceed |
million, and these were both in Group la. The amounts of chrysotile were similar for
controls and mesotheliomas (Figure 1a). The amounts of amphiboles in the group of
mesothelioma cases studied fell between those for controls and for known asbestos-
exposed mesotheliomas (Figures 1b~d).

Discussion

One of the major problems encountered by the epidemioclogist when assessing the
relationship of environmental exposure to a particular mineral is the unreliability of
the occupational history. Because relevant events will have occurred many yeais ago,
the patient or relative may have been unaware of exposure to a particular mineral or
that the important mineral may have only accounted for a relatively small proportion
of the total mineral exposure, Exposure may also have been brief. Assigning
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Table 5, Total and differential fibre counts for Zielhels Group V (no exposure)

Case no. Total Amosite Crocidolite Chrysotile Mullite
&4 188.3 3.7 161.7 49.8 332
65 90.3 0.9 0.9 759 12.8
66 17.7 0.2 0.2 3.1 14.2
67 78.3 0.0 00 726 5.7
68 66.0 0.0 2.9 29 60.2
69 239 0.5 i 0.5 2.2 20.7
70 Z1.5 0.5 0.5 6.6 14.0
71 8.0 1.0 03 0.5 5.1
72 8.0 0.6 0.2 1.1 5.1
73 11.6 0.2 1.9 0.7 58
74 16.8 0.3 0.6 5.9 8.4
75 23.3 0.2 0.7 9.6 12,6
76 4.7 0.0 0.0 1.3 2.7
I 0.0 0.0 0.0 0.0 0.0
78 7.8 0.4 0.1 2.2 49
79 94.1 0.0 1.8 76.5 15.0
80 101.7 0.0 1.0 47.8 37.6
81 56.2 4.6 0.7 4.6 422
82 9.9 0.0 0.0 4.5 4.7
83 z.1 0.1 0.0 0.6 0.0
84 62.0 1.2 0.6 43.0 16.0

individuals to the different Zielhuis occupational groups is difficult and scmetimes
arbitrary: the history is often not precise or the case can be assigned to more than cne
group. Lung fibre analysis provides additional information concerning mineral
exposure, as illustrated in the data shown here. Our results suggest that it would be
advantageous to reduce the number of occupational asbestos exposure groups to
three; (1) direct exposure; {2) indirect exposure, which would include paraoccupa-
tional, neighbourhood and ambient exposures; and (3) no exposure.
Mesotheliomas caused by paraoccupational exposure have been described by
Newhouse and Thompsen (1965) and Greenberg and Lloyd Davies (1974), but there is
little information on lung fibre burden in these cases. In the group-II cases from this
study, 45-51 were from the Nottingham mesothelioma registry and 52-57 from the
Cardiff mesothelioma registry. We consider it highly unlikely that cases 46, 47, 48, 4%
and 51 were only exposed paracccupationally, despite their histories, since the mineral
fibre analysis of these cases is very similar to that obtained in a unique group of
Nottingham gas-mask workers (Table 6) who were exposed to considerable quantities
of crocidolite (Jones et al., 1980b). In group III, it seems probable from lung fibre
analysis that case 58 had some direct exposure to asbestos. In group V, case 64 is
similarly likely to have had direct industrial exposure, In a study of 36 mesotheliomas,
Hirsch ez al. (1982) considered that mineral fibre measurement indicated asbestos
exposure in 9 cases where occupational questionnaires were inconclusive or negative,




224 Fibbs ef al.
Fig. 1. Quantities of different asbestos fibres in lung tissues of the present series of

mescthelioma cases compared with controls and with a 1976 series of occupational
mesothelioma cases. (From Jones es a/., 1980a).
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Table 6. Total and differential fibre count for Nottingham gas-mask workers?

Total Amosite Crocidolite Chrysotile Mullite
92.6 - 68.6 310 -
520 - 29.¢ 230 -

143.0 - 1280 15.0 -
238.1 - 235.9 22 -
204.0 - 195.0 9.0 -
993.0 - 977.0 1.6 -
46.0 - 26.0 20,0 -
1494.0 . 498.0 996.0 -
110.0 - 80.0 30.0 -
297.0 - 295.G 2.0 -
219.26 - 181.23 38.03 -
742.70 - 65.3 677.40 -
94.0 - 93.8 1.0 -
210.0 - 50.0 160.0 -
38.0 - 290 - 2.0 -

1140.0 - 1120.0 20.0 -
17.62 - 1,12 16.5 -
34.39 - 33.16 1.23 -

469.0 - 455.0 14.0 .

Lo - 50.0 1.0 -

248.2 - 245.5 2.7 -
7.35 - 2,30 5.05

9From Jones et al., 1980h.

We did not find any significant difference in the histological typing of the
mesotheliomas as between males and females or as between the different occupational
groups. Hirsch e 4/ (1982) found only the epithelial types of mesothelioma in the
non-asbestos-related group.

The mean age at death was similar in the various occupational groups, except for
group III, where it was lower; 3 of these cases were thought to have had their
neighbourhood exposure during childhood.

Previous studies have indicated that amphiboles rather than chrysotile cause
mesothelioma (Churg er al., 1984; Jones et al., 1980; Wagner ef al., 1982). In the
present study, the mesothelioma cases show amphibole levels greater than those of
controls but lower than those in a series of previous mesotheliomas with known
asbestos exposure (Jones e7 al., 1980). This raises the possibility that this is a mixed
group of cases, some related to and some unrelated to asbestos. Although open to
argument, if we take the cut-off value for amphibole fibres as 1 million fibres per g of
dried lung tissue as significant, 39 of these cases would be considered to be unrelated to
asbestos. However, previous studies have shown that the dimensions of the amphibole
fibres appear to be critical in the causation of disease, and we are carrying out further
studies to determine the sizes of these fibres,
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The role of chrysotile in the causation of mesothelioma is disputed. There is a
considerable amount of evidence to show that mesothelioma occurring after exposure
to chrysotile ore or its products is due to conlamination by amphiboles (Churg et g,
1984; Pooley & Mitha, 1986; Wagner et al., 1982). In the present series, theamounts of
chrysotile appeared similar for both mesotheliomas and controls, and only 3 cases
showed chrysotile counts greater than those for controls without raised amphibole
counts. It is possiblethat chrysotile might potentiate the effects of amphiboles, but we
believe that it has either no potential {or a very low one) for mesothelioma induction on
its own.

These preliminary findings illustrate the value of electron microscopic mineral
fibre analysis in detecting exposure to asbestos in cases whers careful occupational
histories are negative.
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INCIDENCE OF FERRUGINOUS BODIES IN THE
LUNGS DURING A 45-YEAR PERIOD AND
MINERALOGICAL ANALYSIS OF THE CORE FIBRES
AND UNCOATED FIBRES

5. Shishido, K. Iwal & K. Tukagoshi

The Research Institute of Tuberculosis, Japan Anti-Tuberculosis Association,
Tokyo, Japan

Summary. In order to determine the level of asbestos pollution in the lungs of
members of the general population in and around Tokyo, the incidence of
ferruginous bodies in autopsied or resected lungs during 5 periods over the 45 years
from 1937 to 1981 was studied under a light microscope. Core fibres, after removal
of their ferruginous coatings with oxalic acid, and uncoated fibres were analysed
using a scanning electron microscope equipped with a Kevex energy-dispersive
X-ray spectrometer.

The incidence of ferruginous bodies in 5 g {wet) of digested lung tissue was
shown to be 10% in period I (1937-1941), 18% in period II {1947-1951), 70% in
period III {1958-1963), 74.4% in period IV (1970-1973) and 81.0% in period V
{1980-1981).

The major types of core fibres of ferruginous bodies were found te be asbestos,
including amosite, crocidolite, chrysotile and the tremolite-actinolite series, but a
small number of fibres of materials other than asbestos were also detected.

In contrast, a large number of short fibres less than 5 gym inlengthin I g of wet
lung tissue were classified as belonging to the Mg+8i group (the ratio of Mg to Si
components being 30% or over) and presumed to be chrysotile.

Thus an annual increase in asbestos deposition in the lungs of people living in
and around Tokyo has been demonstrated and fine chrysotile fibres less than 5 um
in length seem to be the main type of deposited fibres.

introduction

Asbestos is not produced in Japan but is imported from Canada, the United States
of America, the Soviet Union, South Africa, etc., and a vast number of manufactured
asbestos products are widely used. The amount of asbestos imported annually has
been increasing year by vear, and there is considered to be a high probability that
asbestos fibres originating from the many different asbestos industries and asbestos
products will be inhaled by the general population.

In order to determine the level of asbestos deposition in the lungs of people living in
and around Tokyo, we studied the incidence of ferruginous bodies, using the digestion
method, in lungs which had been autopsied or operated on, over 5 periods between
1937 and 1981. The core fibres removed by oxalic acid treatment as well as the
uncoated fibres found in the lungs of the general population were examined using
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a scanning electron microscope equipped with 2 Kevex energy-dispersive X-ray
spectrometer.

Materials and methods

Detection of ferroginous bodies

Materials

Five groups of specimens from lungs which had been autopsied or operated on,
from persons ranging in age from 20 to 59 years, were examined. Almost all of them
resided in and around Tokyo. In the first group, the lung specimens were obtained
during the period 1937-1941, and 40 cases of tuberculosis {32 male and 8 female) were
included. The second group (1947-1951) consisted of 50 cases of tuberculosis (36 male
and 14 female}. The third group (1958-1961) consisted of 100 cases of tuberculosis (67
male and 33 female). The fourth group (1970-1973) consisted of 95 cases of
tuberculosis {59 male and 36 female). The fifth group (1980-1981) consisted of 103
cases other than primary lung cancer and gastrointestinal cancer (65 male and 40
female).

Methods

The technique for extracting ferruginous bodies from 5-g wet weight lung
specimens followed Smith and Naylor’s digestion method (Smith & Naylor, 1972)
with sodium hypochlorite, chioroform and ethanol. The ferruginous bodies remaining
on a Millipore filter with a pore size of 5 pm were counted under a light microscope.

Identification of the core fibres of ferruginous bodies

Materials

A total of 35 subjects chosen at random from positive cases showing ferruginous
bodies in the 3-g wet weight lung specimens were studied for identification of core
fibres. The 35 subjects were made up of 8 with 1~10 ferruginous bodies in the 5 g of
lung tissue, 10 with 11-20, 5 with 21-40, 5 with 51-100, 3 with 101-200 and 5 with over
200.

Methods

We used Churg and Warnock’s method (Churg & Warnock, 1980), as modified by
us, for extracting ferruginous bodies in the lung, In this method, alungsampleof 1-2 g
wet weight was cut into small pieces and dissolved overnight in 30 ml of 10% sodium
hypochlorite. To this sample, 15 ml of 30% hydrogen peroxide was carefully added
and it was then placed in am incubator at a temperature of 60°C for 4 h to remove
foreign matter and carbonaceous material. The digest was filtered through a Millipore
filter with a pore size of 3 pm.

For the determination of the core fibres of the ferruginous bodies, Dodson’s oxalic
acid treatment method (Dodson ez al., 1983) was used, as follows. The portion
containing a ferruginous body remaining on a Millipore filter was marked with a circle
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under a light microscope. The filter was then fixed in a filter holder and immersed in 40
ml of 8% oxalic acid in a water bath and maintained 5t 75°C for 4 h, after which it was
removed and the portion previously marked with a circle was cut out and placed on
Formvar-carbon coated, nickel electron microscope grids and treated with acetone.
The core fibres thus obtained by removing the coating material from a ferruginous
body were observed and analysed using a scanning electron microscope equipped with
a Kevex energy-dispersive X-ray spectrometer.

Enumeration of uncoated fibres

Materials

A group of 25 was chosen at random from the specimens used for the study of
ferruginous bodies, made up as follows: 6 without detectable ferruginous bodiesin 5 g
of lung tissue, 6 with 1-10 ferruginous bodies, 6 with 11-20, 3 with 51-100 and 4 with
cver 100.

Methods

The lung tissue (0.5 g in wet weight) was cut up and dissclved with sodium
hypochlorite and hydrogen peroxide as described above. The digest was filtered
through Millipore filters with pore sizes of 0.45 (10 subjects) and 1.2 um {15 subjects).
After acetone treatment, the fibrous materials on 10 meshes out of 300 of this grid were
analysed by X-ray spectrometer, and the number of fibres presumed to be asbestos
were counted.

Results

Detection of ferruginous hodies

The secular trends in the prevalence of ferruginous bodies in lung tissue of the
general population by sex and by age during the 45 years from 1937 to 1981 are shown
in Tables 1 and 2. The incidence during and after the period 1958-1961 showed a
significant increase as compared with the previous two periods. A significant
difference by sex was noted in the period from 1947 to 1951 (9<C0.05), while no such
differences were found in the other periods. The incidence by age showed a greater
tendency to increase in older age-groups than in younger ones during 1980-1981, but
no such tendencies were observed in the other periods.

Table 3 shows the number of ferruginous bodies found in the 5 g of lung tissue in
each study period. The majority of the positive cases showed from I to 10 bodies and
none had over 21 in the periods before 1951. The cases which had more than 21 bodies
in the lung tissue increased in number after 1958, when there were 5 with over 200
bodies.

Figure | shows the amount of asbestos imported into Japan annually and the
trends in the prevalence of ferruginous bodies, The marked increase in the prevalence
of ferruginous bodies in the lungs of the general population clearly reflects the increase
of asbestos imports into the country.




232

Table 1. Incidence of ferruginous bodies in 5-g lung tissue specimens by sex in 5

different periods

Shishido et al.

Period Incidence

Male Female Total

No. % Nao. % No. %
1937-1941 3/32 9.4 178 12.5 4/40 10.0
1947-1951 8/36 250 0/14 0 9/50 18.0
1958-1961 52/67 77.6 18/33 54.5 707100 70.0
1970-1973 46/59 78.8 25/36 69.4 71/95 74.9
1280-1981 58/65 89.2 27/40 67.5 85/105 8i.0

Table 2. Incidence of ferruginous bodies in 5-g lung tissue specimens by age in §

different periods

Period Incidence by age in years

20-29 30-39 40-49 50-59 Total

No. % No. % No. % No. % No. %
1937-1941 2/13 154 1/16 6.3 0/3 0 1/6 166 4/40  10.0
1947-1951 /4 214 2/17 118 3/14 214 1/15 200 9/50 18.0
1958-1961 18/27 66.7  23/30 767  20/30 66.7 9/13 682  70/186 70.0
1970-1973 16/23 69.6  22/28 786  22/26 84.6 11/18  6l1.1 71/95 74.9
1980-1981 12/18  66.7 19/27 704 25/2% 862  29/31 936  85/105 81.0

Identification of the core fibres of ferruginous bodies

Effects of digestion, acetone and oxalic acid treatment on the chemical analysis of

asbestos fibres

Three kinds of UICC standard asbestos fibres, chrysotile, amosite and crocidolite,
were examined for their chemical constituents before and after treatment with 100
sodium hypochlorite, 309% hydrogen peroxide, acetone and 8% oxalicacid. No change
intheir chemical constituents was detected in any of the types of asbestos fibres tested
after treatment with 10% sodium hypochlorite, 30% hydrogen peroxide and acetone.
In the oxalic acid treatment, no leaching was noted in amosite and crocidolite, but a
decrease in the magnesium component was demonstrated in chrysotile fibres in

various degrees.




AMADNCIWUD ITRPUILD | TV YUY wwJniay

30

25|

20

Ferruginous bodies in lungs

233

Table 3. Number of ferruginous bodies in 5-g lung tissue specimens in 3§

differemst periods

No. of Number of cases
ferruginous
bodies
1937-1941 1947-1951 1958-1961 1970-1973 1980-1981

0 36 41 30 24 20
i-10 3 8 47 34 54
1120 1 1 5 3 17
21-50 0 0 i2 8 7
51-100 0 0 4 4 4
101-280 0 0 i 0 1
Over 200 0 0 i 2 2
Total 40 50 0o 95 105

Fig. 1. Incidence of ferruginous bodies and annual amount of asbestos imports
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identification of core fibres

Figure 2 shows the morphology of a ferruginous body and its analysis; many
elements are present with iron predominant. It was therefore impossible to identify the
core fibre of this body. Figures 3 and 4 show the EDX spectra of fibres of chrysotile
and of the amosite-crocidolite series respectively, obtained after removal of the
coating material from ferruginous bodies by oxalic acid treatment. Apart from these
commercial asbestos fibres, tremolite-actinolite series asbestos, cores consisting of
magnesium, silicon and calcium, cores of silicon alone, cores containing conspicuous
amounts of aluminium and cores containing a complex of the constituents,
phosphorus, sodium, chlorine and potassium, were observed in various numbers. The
numbers and types of each type of asbestos or non-asbestos core fibres are shown in
Table 4 according to the number of ferruginous bodies in the 5-g wet weight lung
tissue. Ferruginous bodies which had core fibres containing silicon alone tended to be
found in the group having chrysotile cores in ferruginous bodies. The majority of the
core fibres were asbestos, but non-asbestos cores were also found.

Table 4. Identification of core fibres after removal of coating material from
ferruginous bodies

No. of No. of Chryso- Amosite Tremolite- Mg+Si-  Sicompo- Inciuding Nothing Others

ferruginous subjects  tile or actinolite +Ca+ nent Al detected
bodies/5 g croci- series group only compo-
wet lung dolite nent
i-10 8 3 1 0 1 0 0 0
11-20 9 11 1 6 4 4 0 0
21-50 5 i3 2 7 4 2 0 1
51-100 5 12 i 7 4 9 4 1 3
101-200 3 10 13} 0 6 3 2 1 2
Gver 200 5 it 37 3 5 4 4 i 2
Total no.
of fibres 55 86 14 28 25 16 3 8
No. of
subjects 35 19 24 il 12 12 11 3 5

Enumeration of uncoated fibres

Almost all particles deposited in lungs were less than § um in length, although a
small number of fibres over 5 wm length, such as chrysotile and the amosite-crocidolite
series, were found. Of a large number of these particles of various shapes, fibrous
particles less than 5 um in length containing 2 components, namely Mg and Si, witha
content of 30% or more of Mg were classified as the Mg+Si group and presumed to be
chrysotile. The number of Mgt+Si group fibres per 1 g of wet lung tissue was
determined under the electron microscope and the results were related to the number
of ferruginous bodies in the 5 g wet weight lung tissue found under the light




Ferruginous bodies in lungs 235

Fig. 2. Ferruginous bedy of club-like shape and its EDX specirum

Fig. 3. A chrysotile fibre after removal of ferruginous coating with oxalic acid and its
EE¥X spectrum
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Fig. 4. Amosite or crocidolite fibre after removal of the ferruginous couting wnth
oxalic acid and its EDX specirum

microscope {Table 5). A large number of Mgt+Si group fibres were found, and there
was a conspicucus increase among the subjects containing larger numbers of
ferruginous bodies,

Table 5. Number of fibres of Mg + Si group less than § um in length
per 1 g wet lung by number of ferruginous bodies in § g wet lung

No. of ferruginous Average number of fibres of Mi + Si group
bodies/ 5 g wet lung? less than 5 wm per 1 g wet lung
0 (N=06) 41X10°
(8X10% ~ T7X10%
1-20 (N =12) 46X10(3
(0 - 172X10%)
51-100 (N=13) 117X10%

(94X10-3-137X10%)

Over 100 (N = 4), 217107
(137X10° - 361%10?

“Number of cases (N) in parentheses.

bRange in parentheses.



Ferruginous bodies in hungs 237

Discussion

Thomson ef ¢, {1963}, using the lung smear method, found 132 cases of asbestos
bodies among 500 consecutive autopsies from the general population in Cape Town.
As a result of this report, many subsequent studies were carried out in various parts of
the world, using a number of different methods, to investigate asbestos deposition in
the lungs of members of the general population. By the digestion method, Bignoner al.
(1970) detected ferruginous bodies at a rate of 100% in France, and Breedin and Buss
{1976) found them at a rate of more than 90%in North Carolina. These rates are higher
than our results and asbestos pollution is believed to be higher in Europe and America.
On the oiher hand, Bhagavan and XK oss (1976) showed that the incidence of asbestos
bodies in necropsy lung tissue 5 g in wet weight in New York was 40.9 in 1940, 61.7 in
the 1950s and 91.1% in the 1970s. In Japan, secular trends in the prevalence and
concentration of ferruginous bodies during the 45 years from 1937 to 1981 also showed
an increase and this closely reflected the increase in the amount of asbestos imports
into Japan. The results of these two studies lead us to suspect that air pollution by
asbestos fibres has been increasing during the period covered by them.

It remains uncertain whether the cores of these bodies are truly of asbestos or of
some other kinds of fibres. Gross ef a/. (1967, 1968) demonstrated experimentally that
bodies similar to asbestos bodies in shape could be formed by aluminium silicate,
silicon carbide whiskers and glass fibres in the lungs of hamsters. They proposed that
these bodies should be called ferruginous bodies, defined as ferritin-like protein-
coated bodies, unless the cores were chemically identified. In our study a large number
of asbestos cores were found after the coating material had been removed from
ferruginous bodies. On the other hand, a considerable number of cores contained the 3
components, magnesium, silicon and calcium, or the silicon component alone.
However, we suggest that the majority of the cores containing the above-mentioned 3
elements were tremolite-actinolite series and that the cores containing silicon alone
were chrysotile, because the EDX pattern of magnesium, silicon and calcium is similar
to that of the tremolite-actinolite series. Moreover, the cores with the silicon
component alone had a tendency to be found among the subjects having chrysotile
cores; it was therefore highly probable that these cores were chrysotile, the magnesium
component of which had been leached out by oxalic acid treatment. The level of
asbestos deposition high enocugh to form bodies may therefore reasonably be
estimated from the number of ferruginous bodies in the lung.

The use of oxalic acid for dissolving the ferruginous coat proved to be an excellent
method for detecting amphibole asbestos fibres because of their high resistance to
acid. On the other hand, it should be pointed out that the magnesium of chrysotile was
easily leached out by oxalic acid treatment. If, however, the acidity, temperature and
effective treatment time are controlled to avoid leaching out a significant amount of
magnesium, this method of detecting chrysotile is also useful.

Using a combination of morphology with a scanning transmission electron
microscope and analysis with an EDX spectrometer and electron diffraction, Churg
and Warnock (1980) found a very large number of uncoated asbestos fibres in the
lungs of 21 urban dwellers who had fewer than 100 ferruginous bodies in 1 g of lung
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tissue; 809 of these fibres were chrysotile and 909 were less than 5 um in length. In our
study, a large number of fine uncoated fibres less than $ um in length having the two
components Mgand Siand an Mg content of over 3095 were found even in lungs which
had no detectable ferruginous bodies in 5 g wet weight of lung tissue, Though talc or
some similar material may be present in this group, the majority of these short fibres
were thought to be chrysotile and considerable chrysotile deposition in the lungs of the
general population in and around Tokyo was therefore suspected. Further mor-
phological studies by transmission eleciron microscope and analysis by electron
diffraction are needed to confirm our results.
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Summary. Numerous sources of asbestos exist that may contribute to non-
occupational exposures, among the important ones being building surfacing
materials that have been damaged or allowed to deteriorate, Even more important
is the potential exposure from improperly controlled maintenance activities in
buildings. Evidence exists suggesting that vehicle braking makes a significant
contribution to ambient asbestos levels, but more data are required to establish its
extent. Many asbestos materials are present in homes, and fibres may be released
during home renovations or repairs. Little information exists on the levels of other
mineral fibres in the non-occupational environment or on the relative contribu-
tions from potential sources.

Introduction

A wide variety of potential sources of asbestos and other fibres exist that may
contribute to non-occupational exposures (see Table 1). Virtually all products
containing asbestos currently manufactured incorporate the fibre in a matrix from
which release is difficult. However, the incorporation of asbestos in the past in highly :
friable material provides current sources of exposure, The most important of these
materials are located in commercial and public buildings and, to a lesser extent, in
private dwellings. The greatest potential for the release of fibres from these materials
occurs during building maintenance and renovation. To the extent that such activities
are identified and procedures established to prevent fibre release, non-occupational
exposures can be minimized,

Table 1. Potential sources of asbestos in the non—oécupational environment

Industrial activity Mine, mill and factory operations; building renovation and demolition

Building operations Inadvertent damage or deterioration of asbestos materials, surfacing materials,
thermal insulation and cement products; maintenance activities

Vehicle braking Automobiles; subway cars

Home materials Heating systems; air supply systems; appliances; wallboard; filler; textured paint

—239—
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Measurement of environmental asbestos concentrations

Analytical fechniques

Asbestos air concentrations encountered in buildings and in the general environ-
ment are virfually always below the limit of sensitivity of optical microscopy of
0.001-0.01 fibres >5 um in length per mi. The ineffectiveness of optical microscopy
below this level is the consequence of the presence of non-asbestos inorganic or
organic fibres that cannot be distinguished from the asbestos minerals with phase-
contrast or polarizing-light microscopy. At concentrations below (.01 fibres per ml
(f/ml) the fibres seen may largely consist of such non-asbestos fibres. Anexceptionto
this is the analysis of amosite fibres, where their size, density and configuration allow
most non-asbestos fibres to be rejected from consideration, with a concomitant
reduction in the limit of sensitivity, However, if confounding fibres, such as gypsum,
are present, special precautions must be taken. Additionally, the practical resolution
of the optical microscope preciudes observation of fibres <0.3-0.4 ym in diameter.

Recommended analytical methods specify the use of transmission slsctron
microscopy to enumerate and size asbestos fibres (Burdett, 1984; Samudra ef al., 1977,
Yamate et g, 1984). Samples for such analysis are usually collected sither on a
Nuclepore® (polycarbonate) filter with a pore size of 0.4 wm or less or on a Millipore®
{cellulose ester) filter with a pore size of 0.8 um or less. Samples collected on Nuclepore
filters are prepared for direct analysis by carbon coating the filter to entrap the
collected particles. A segment of the coated filter is then mounted on an electron
microscope grid, which is placed on a filter paper saturated with chloroform, the
vapours of which dissolve the filter material. Special precautions must be exercised
duringand following sample collection to ensure that fibres are not lost from the filter
before reaching the analytical laboratory, The fibres of Millipore filters can also be
directly transferred to electron microscope grids. In this case, an initial treatment with
acetone vapour serves to partially collapse the filter. The filter is then partially etched
in a low-temperature asher to expose fibres within the filter matrix and coated with
catbon to entrap the fibres as above (Burdett & Rood, 1983). After coating, the
remainder of the filter is dissolved with acetone. Without the etching step, as much as
90% of the fibres on an 0.8-um filter can be lost in the dissolution process. The loss is
greater for the thinner fibres and smaller losses occur with smaller pore size filters.

An alternative to the above direct analyses is to prepare samples by ashing a
portion of the filter in 2 low-temperature oxygen furnace. This removes the membrane
filter material and all organic material collected in the sample. The residue is recovered
in a liquid phase, dispersed by ultrasonification, and filtered on a Nuclepore filter,
Here, one can select the amount of material to be filtered to achieve the desired
material loading. The refiltered material is coated with carbon and mounted on a grid
as above. Earlier electron microscopic analysis utilized a rub-out technique in which
the ashed residue was dispersed by grinding in a nitrocellulose film on a microscope
slide and a portion of the film was then mounted on an electron microscope grid for
scanning (Nicholson & Pundsack, 1973). A disadvantage of the indirect method is that
fibres are broken apart by the dispersal techniques with a concomitant increase in the
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number of smaller fibres. However, light ultrasonic treatment does not break apart
most fibres >5 pm in length (Sébastien, 1985). In conirast, physical grinding or
prolonged ultrasonic treatment is likely to significantly alter the number of both short
and long fibres. This results, however, in a more uniform distribution of the asbestos
material, allowing greater precizion in the measured concentrations, but all infor-
mation on size distribution is lost.

The grids prepared by either the direct or indirect methods can be scanned at both
high and low magnification to identify all asbestos fibres within the scanned area.
Chrysotile asbestos is identified on the basis of its morphology in the electron
microscope and amphibeles are identified by their selected area electron-diffraction
patterns, supplemented by energy-dispersive X-ray analysis. Both scanning (SEM)
and transmission electron microscopic (TEM) techniques can be utilized. However,
SEM analysis usually identifies only fibres thicker than 0.2 um, because of contrast
limitations, while TEM can visualize fibres of all sizes. Both SEM and TEM analysis
can identify most fibres, particularly the larger ones, but the X-ray or electron-
diffraction patterns of some fibres may not be completely clear. Fibre concentrations
expressed as fibres per unit volume are calculated based on sample volume and filter
area counted. Mass concentrations are reported using fibre volume and density
relationships. Mass concentrations can be converted into equivalent optical fibre
concentrations using data from the parallel analysis of samples by phase-contrast
microscopy and TEM. The approximate relationship is that 3 ng/ m? is equivalent to
0.1 fibres >5 um (optical) per ml The uncertainty in this relationship, resulting from
differing fibre size distributions, is about a factor of 5 {US Environmental Protection
Agency, 1986a).

A disadvantage of the direct-transfer processes is that filter-loading requirements
are crucial. Too little material requires excessive scanning time or results in low fibre
counts of high statistical uncertainty; too much material results in obscuration of
fibres by other debris and support-film breakage during electron microscopic analysis.
The obscuration effect can be substantial for both short and long fibres. Results of
parallel analyses by Chatfield (1985a) using both direct and indirect preparations
indicated that in 8 samples the mass was 12 times greater (geometric mean), the
number of fibres of all sizes was 6 times greater (geometric mean} and the number of
fibres greater than 5 pm in length was 2.5 times greater (arithmetic mean) when
indirect techniques were utilized. The increases in mass and in the numbers of both
long and short fibres cannot be explained by fibre break-up, but are probably due to
obscuration effects or losses in the direct preparations.

Analytical considerations

Measurements of ambient air contaminants should satisfy two criteria for
sensitivity, They should be able to measure either: (1) typical ambient air concentra-
tions; or (2) levels commensurate with lifetime risks of the order of 1076, whichever is
greater, The latter criterion follows from the levels at which US environmental
regulatory agencies typically act to control exposures when the potential number of
cancer deaths in the US population per year exceeds 1. Figure 1, adapted from Travis
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et al. (1987} shows the history of US environmental regulatory action. Of 23 regulatory
decisions by US agencies (Emviromment Protection Agency, Food and Drug
Admimstration, Consumer Product Safety Comission) where the population risk per
year exceeded 1, exposure reduction was mandated in 15. An additional 5 positive
actions were taken for risks greater tham those depicted in Figure I. The 8 cases
considered for which regulation has not yet beem mandaied were for exposures to
formaldehyde, aflatoxin, saccharin and polycyclic organic matter. Risks with fewer
than 1 potential cancer death per vear in the US population or where the individual
risk was less than 1078 were typically mot regulated. In the case of asbestos, ambient
background concentrations are of the order of 1 mg/m3 or 0.1 fibres >>5 um per litre.
Four estimates of lifetime risk from such exposures are shown in Table 2. As these are
all well above an individual risk level of 1076, most even above 1075, any widespread
source of asbestos is of regulatory concern, Thus, analytical procedures should be

Fig. 1. Regulatory action as a function of individusl and population risk for lifetime
exposure to various environmental agents; ® regulatory action taken; 0 regulatory
action not taken or deferred
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Teble 2. Lifetime risks of death per 100 860 utilized that would, at least, guantify

from mesothelioma and lung cancer from a ambient background exposures equiva-
continuous kfetime exposure to 8.1 £/1 lent to about 0.1 fibres >5 um per
litre. This places a substantial burden

Source Lifetime risk on the analyst. At typical loadings of
per 100 000 0.5 m? of air per cm? of filter, a

concentration of 0.1 {/1 yields an
average deposition density of | fibre

US Consumer Product Safety

Commission (1983) 2324 per 200 grid squares. Since at least 4
Dol and Peto (1985) 0.6 (approx.)® fibres should be counted to establish
1S Environmental Protection a meaningful concentration value,
Ageney (1986) 24432 the difficulty of counting fibres
US National Academy of Sciences greater than 5 um at typical ambient
(Breslow et al., 1986) 4.2-11.2 air concentrations can easily be appre-
ciated,
“For males. A problem with any of the am-

bient asbestos air measurement
methods is that none of the variables used to measure asbestos concentrations
corresponds to a measure of increased cancer risk. The least meaningful measure is the
concentration of fibres of all sizes. In many circumstances such values reflect the
presence of a vast number of tiny single chrysotile fibrils, I um long and 0.04 pm in
diameter, which have substantially less carcinogenic potential than fibres 10 times
longer and thicker. Because all estimates of risk in occupational settings are associated
with measures of exposure in terms of fibres >5 pm, the enumeration of such fibresisa
usefu} component of any environmental asbestos evaluation. It should be recognized,
however, that even perfect enumeration of fibres >3 pm does not give a direct
indication of carcinogenic risk, because the carcinogenicity of fibres varies according
to their length and diameter, the longer and thinner fibres being the more carcinogenic
{(Pott, 1980; Stanton et al., 1981). Furthermore, there is no evidence that the
carcinogenicity of fibres vanishes at the arbitrary counting cut-off value of 5 um.
Because of their much greater number, fibres <5 um may, in fact, be the dominant
contributors to the cancer risk of a particular aerosol. Were all asbestos aerosols to
have the same fibre size distribution, the different carcinogenic potentials of fibres of
different sizes would not be important. A count of all fibres >5 um would always
count both the same fraction of the asbestos present and the same fraction of the
carcinogenic potential. Unfortunately, fibre size distributions vary tremendously,
even for aerosols of the same fibre type. There is thus a highly variable relationship
between fibres <5 um and carcinogenic potential,

Evidence for a differing unit fibre exposure risk, part of which may be attributed to
fibre size distribution effects, is seen in the lung cancer risk calculated from mortality
and exposure data in 14 studies of asbestos-exposed workers (US Environmental
Protection Agency, 1986a). Figure 2, which summarizes all those studies for which
dose-response information is available, shows the percentage increase in carcinogenic
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risk for an exposure to one fibre {optical) per ml for one year, The horizontal line is the
best estimate of risk for a particular study. The wide vertical bar is the uncertainty in
the study associated with the number of lung cancer deaths and with epidemiological
uncertainties in the data (e.g., effects of incomplete tracing). The thin verticallineisan
additional 2-5-fold estimated uncertainty in the average measure of exposure for the
study. As can be seen, the uncertainty of the risk estirnated from the data of a single
study is enormous, often exceeding an order of magnitude, There is no evidence that
fibre type plays a particularly impertant role in these differences; the greatest
differences are between exposures to the same fibre type. Exposures to virtually pure
chrysotile aerosols differ by as much as a factor of 30 {e.g., in the studies of McDonald
et ai., 1980 as compared with those of Dement e1 a/., 1983). Differences by asmuchasa
factor of 10 exist between risk estimates from studies of the same process {e.g.,
Finkelstein e a/., 1983; Weill ez ql,, 1979).

Fig. 2. Percentage increase in lung cancer for & L-year exposure to 1 f/ml in 14
asbestos-exposed cohoris
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The open bar reflects the estimated 95% confidence limits associated with measures of response.
The vertical line represents the uncertainties associated with measures of exposure, generally
a factor of 2. The horizontal line is the best estimate of risk for the study concerned.

The geometric mean risk from all studies, with the exception of those on chrysotile
mining and milling, each weighted by the reciprocal of its estimated variance, is 1% per
year of exposure to | f/ml, The calculated uncertainty in that valueis a factor of 3; the
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calculated uncertainty in the risk associated with an unmeasured exposure is a factor
of 10. The extrapelation of these risks esiimated from conditions in occupational
settings tc exposures 2 or more orders of magnitude less adds even greater
uncertainties 1o any risk estimation process.

it is within the framework of these unceriainties that we must consider the various
measurements of airborne levels of mineral fibres in the non-occupational environ-
ment. Fibre concentrations must be interpreted cautiously and meaningful measures
of concenirations in terms of fibres >5 um at ambient air levels are extremely difficult
to obtain. Mass measurements, while suffering from the loss of important information
on fibre size, may relate best to carcinogenic risk. Mass certainly accounts better for
the length dependence of carcinogenic risk than any fibre count. For the fibres >8 um
it also accounts well for the relation between carcinogenic risk and diameter (Bertrand
& Pezerat, 1980; see also Peto, this volume, pp. 457-470). Ideally, of course, the best
measurement of fibre aerosols is one in which every fibre is identified and sized,
allowing any of the varicus measures of exposure to be utilized. It remains to be seen
whether this can be achieved on a practical basis, These variocus analytical
considerations are summarized in Table 3.

General ambient air

Asbestos of the chrysotile variety has been found to be a ubiquitous contaminant
of ambient air. Table 4 lists fibre concentration data from a variety of studies in both
urban and rural areas over the period 1969-1983. As can be seen, arithmetic mean air
concentrations were of the order of 1-3 ng/m3 in 1970, a time when asbestos was
extensively used in construction, in particular in relatively uncontrolled spray
applications for fire-proofing purposes in the United States. During daytime hours,
shorter-term sampling indicated that higher levels were present than those found in
24-h samples. Earlier data are of doubtful accuracy because analytical techniques were
in process of development and the control of asbestos contamination in laboratory
processing was less stringent than it is now. In recent years, no systematic study has
been made of asbestos in urban air. However, virtually all studies of outside air, taken
in conjunction with studies of building air, show mean concentrations to be less than 1
ng/m3, Because of the above-mentioned limitations on the counting of fibres >5 pm,
however, most such measurements have only provided upper limits of exposure. (See,
however, Rodelsperger et al., this volume, pp. 361-366).

Few data exist on the fibre size distribution of asbestos in the general ambient air.
From ratios of fibres >3 um to total fibres, it would appear to be similar to that of
chrysotile in occupational environments, where the percentage of fibres >5 um is
between 5 and 0.5% (Gibbs & Hwang, 1980; Nicholson er al., 1972). Data from
Kohyama (this volume, pp. 262-276) indicate that 29 of fibres in the ambient air of
Japan are >5 ym in length.

Buildings with asbestos-containing surfacing materials

Considerable data have accamulated in recent years on the air concentrations of
asbestos fibres associated with the use of asbestos-containing surfacing materials. The
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Table 3. Advantages and disadvantages of preparation, electron microscopy and

counting methods

Method Advantages Disadvantages

Preparation

Direct Fibre size maintained Some fibres obscured
Sampling conditions may be critical
Possible fibre loss

Indirect No obscuration of fibres Information on fibre size

Electron microscopy
SEM*?

TEM?

Counting
All fibres

Fibres >5 um

Mass

Losses less likely
Sampling conditions less
stringent

Preparation techniques
less critical

Scanning time less per
area scanned

Fibres of all sizes can
be counted

Standard methodologies
available

None

Relates best to optical
counts

Preparation techniques
are less stringent

May relate best to
carcinogenic risk
Improved sensitivity

distribution lost

No standard methodology
available

Cnly fibres thicker than 0.2 um
usually counted

Extremely long scanning times
may be required
Sample preparation critical

Small fibres overwhelm count
Relates least to biological hazard
Counts affected by instrument
resolution

Time consuming

Problems with low counts
Does not consider clusters or fibre
bundles

May be dominated by a few fibres or
clusters :
Difficult to relate to optical

counts

“SEM, scanning electron microscopy; TEM, transmission electron microscopy.

data, however, represent information about a moving target. Before the early 1970s
neither the hazard nor the extent of use of asbestos in buildings was fully appreciated.
Conditions in some buildings detericrated to a point that was unacceptable by any
standards and extremely high air concentrations occurred. For example, phase-
contrast microscopic measurements in excess of 10 f/ml were measured for short
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Tahle 4. Summary of ambient air ashestos concentrations, 1969-1983

Sample set Collection No. of Arithmetic mean concentration®
period samples
{ng/m3} {fibres >5 pm
per litre)
Quarterly composites of 53-7 1969-1970 187 33C -
24-hour US samples (US Environ-
mental Protection Agency, 1971;
Micholson & Pundsack, 1973}
Quarterly composites of 5-7 1969-1979 127 3.4C -
Z4-hour US samples {US Environ-
mental Protection Agency, 1974)
16-hour samples of 5 US cities 1974 34 13C -
(US Environmental Protection
Agency, 1974)
5-day samples in Paris, France 1974-1975 161 096 C -
(Sébastien et al., 1980)
5-day, 7-hour control samples 1980-1981 31 6.5 (6C, 0.5A) -
for US school study (Constant
et al,, 1983)
12-hour samples in Toronto, 1980-1981 24 0.83 ND¢
Ontario {Chatfield, 1983)
12-hour samples in Southern 1980-1581 48 0.20° ND¢
Ontario (Chatfield, 1983}
UK urban and rural background 1979-1981 8 <1-5 -
{Le Guener al., 1983)
Long-term samples in 3 cities in 1982 6 . 28 C92.6 A9
the Federal Republic of Germany
(Friedrichs et al., 1983)
Urban Switzerland (Litistorf 1977 10 0.74 0.4
et al., 1985)
Rural Switzerland 1981-1983 10 0.23 ND
(Litistorf et al., 1987)
Rural Austria 1978-1980 143 - <0.1

{Felbermayer, 1983)

4C, chrysotile; A, amphibole.

bAn exceptionally high sample contributed all the mass.
“Not detected, i.c., less than a detection lmit of approximately 4 /1.

dFibres of all sizes.
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periods of time in a school library during book replacement as a result of inadvertent
contact with ceiling material (Sawyer, 1977). Increasing awareness of the presence of
asbestos in buildings and public concern led to the elimination of the worst exposure
hazards and contamination was then reported less freguently.

A variety of studies, using transmission electron microscopy, were undertaken to
evaluate the quality of air in buildings under several different circumstances; the
results are shown in Table 5. Different methods of analysis were used by different
investigators, but the location and conditions of sampling were likely to be a far more
important factor than differences in analytical methods in the results that were
obtained. Most of the earlier studies focused on the potentiaily more severs exposures
and were thus not representative of all building circumstances. In other studies,
buildings were also chosen for sampling by non-random criteria and similarly do not
provide a representative sample of all buildings. Overall, the studies present a
reasonably consistent picture. In buildings with evidence of severe damage or
deterioration, the probability of detecting contamination was high, On the other hand,
if the surfacing material or thermal insulation was undamaged, had suffered only
minor damage or the surface had been sealed to prevent dusting, sxcess air
concentrations were rarely detected.

Nicholson et al. (1975, 1976) analysed 116 samples of indoor and outdoor air
collected in and around 19 commercial and public buildings in 5 cities in the USA. The
buildings studied were chosen by local or federal air pollution control agencies solely
on the basis of ease of access (they belonged to the Government or the owners were
willing to allow the tests to be carried out). The choice was thus not random, but
neither was any building selected because of a perceived hazard. After collection, the
samples were coded by the EPA so that the sites from which they were collected were
not known when they were analysed. The results provided no evidence of contami-
nation of buildings with cementitious or plaster-like surfacing material, but the air
concentrations in some buildings with surfacing material consisting of a loossly
bonded mat were greater than those of control samples and samples collected in
buildings with cementitious/plaster material. In this set of samples, and that
considered below, open-face filters were utilized. The possibility that some non-
respirable asbestos material contributed to the mass cannot be excluded.

Nicholson et al. (1978, 1979a) collected 25 samples in primary and secondary
schools. The sampling was conducted so as to reflect the general ambient background
of schools with substantially damaged surfacing material. Sample collection was
observed in order to ensure that the material collected did not reflect an unusuval
release of fibres near the sampler. However, the schools were in operation during the
sampling and normal student activity (except for vandalism) took place during the
course of sampling. Two short-term sampies of custodial sweeping showed even
higher concentrations than those listed, but the results were uncertain because of low
sample volume.

Sébastien et al. (1980) published data from samples coliected in 25 buildings in
Paris. Over half the samples were collected in one large school building in which
sprayed material containing both amphibole and chrysotile fibres was present.
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Table 5. Summary of ambient air ashestos concentrations in bulldings, 1974-19858

Sample set

Collection
period

No. of

samples

Arithmetic mean concentration?

{fibres >5 pym
per litre)

(ng/m?)

US buildings with friable asbestos
in plenums or as surfacing
materials (Nicholson ef @/,

1975, 1976)

US buildings with cementitious
asbestos material in plenums or
as surfacing materials (Nicholson
et al., 1975, 1976)

New Jersey schools with damaged
asbestos surfacing materials in
pupil use areas (Nicholson
et al., 1978, 1979a)

Buildings with asbestos materials
in Paris, France (Sébastien
et al., 1980)

1JS school rooms/ areas with
asbestos surfacing material
{Constant, 1983)

US school rooms/areas in
buildings with asbestos
surfacing material
(Constant, 1983)

Ontario buildings with asbestos
surfacing materials (Ontario
Royal Commission, 1984)

Ontario office and school
buildings (Chatfield, 1985)

UK schools, laboratories and
factories (Burdett & Jaffrey, 1986)

1974

1974

1977

1976-1977

1980-1981

1980-1981

1982

1977-1982

1983-1985

54

28

27

133

54

31

63

55

114

48 C -

15C

27C -

35(5C, 10 A) -

183(179C,4 A) -

61(53C,8A) -

2.1 NDP

1.5 <0.1-2¢

4¢, chrysotile; A, amphibole.

bNot detectable, i.e., less than a detection limit of approximately 4 /1.

¢Two further samples had concentrations of 640 and 360 ng/m?, the latter being from a single fibre.
dNot detectable, i.c., less than a detection timit of approximately 4 f/1, except for one sample which had a

congentration of 20 f/1.

€Most samples had an average concentration less than a detection limit of 0.3 f/L
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Substantial damage was reported to have occurred in many of the buildings sampled,
including those areas of the school building from which most samples were taken. In
some cases visible dust was reported on tables and other furniture. As with the
previous school study, the buildings were not selected randomly, but were those
brought to the attention of the researchers through written requests for help from
building owners or occupants,

A sampling of 25 schools, chosen by a random procedure from thosein a large city,
was reported by the US Environmental Protection Agency (1983). The results of the
survey indicated a substantially increased air concentration (2 population-weighted
mean concentration of 179 ng/ m3} in building areas with sprayed surfacing materials,
while 31 outside samples averaged 6 ng/ m?. Of special concern were samples collected
in schools in which asbestos material was present, but not on the floor or inthe roomin
which the samples were taken. These showed an average concentration of 53 ng/m?,
indicating dispersal of fibres from the source. Additionally, numerous small respirable
clumps and bundles of asbestos were noted, but not included in the listed mass
concentrations. One problem with this study, which indicates concentrations as high
as those measured in buildings selected because of the presence of extensive damage, is
that sample taking was not routinely monitored. In some cases, the samples, which
were collected over a 5-day period, were in classrooms under the control of the teacher;
in other cases, they were in corridors and sampling conditions were not kept under
continuous observation. The possibility of atypical activities occurring during
sampling cannot be excluded.

A report on 63 samples taken in 19 buildings was published by the Royal
Commission of Matters of Health and Safety Arising from the Use of Asbestos in
Ontario (Ontario Royal Commission, 1984). All of the buildings selected contained
asbestos surfacing material. However, qualitative exposure evaluation (algorithms)
indicated minimal problems in all but 6 buildings. A major problem with this study is
that of analytical sensitivity. The count of a single fibre would appear to correspond to
a concentration of 1 f/1. Thus, the analytical threshold (the concentration at which 4
fibres would be counted) is at a concentration 40 times that of typical ambient air. In
only 5 buildings were asbestos fibres =5 um detected, but in those, concentrations
substantially exceeded the typical background (where few fibres of any length were
detected). There was 2 poor correlation between either mass or fibre levels with
algorithm estimates of hazard.

Chatfield (1985b) has reported on concentrations measured in 8 Ontario office and
school buildings. Concentrations ranged from undetectable levels to 17 ng/m3, the
average being 1.1 ng/m3, except for 2 samples which had concentrations of 640 and
360 ng/m3, the mass (360 ng) in one case being contributed by one fibre. Counts of
fibres >5 um were severely limited by the analytical sensitivity of the counting
protocol. In 57 samples only 12 such fibres were observéd, 6 being in one sample. The
statistical significance of either the mass or >5 um fibre concentration is difficult to
assess.

The results obtained from 15 commercial, school or domestic buildings in the
United Kingdom (Burdett & Jaffrey, 1986) indicated relatively low fibre concentra-
tions. The analytical sensitivity of the protocol for the average of a sample test (up to
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36 samples for an individual building) ranged from I fibre >3 um per litre (2 building
sample sets) to 0.1 fibres >5 pm per litre (3 building sample sets). The analytical
sensitivity of most sample sets was about 0.3 fibres >3 um per litre; the analytical
sensitivity of a typical single sample, however, was only 2-3 fibres >3 um per litre or
20-30 times the value for typical ambient air. Detectable results (an average of more
than 4 fibres counted) were observed in 4 of the 15 buildings. The highest measured
concentration was in a school with ‘some damage’ to sealed spray materials; asbestos
fibre concentrations ranged from <35 to 250 fibres of all sizes per litre and from <3 to
12 fibres >5 um per litre (average 2 f/1), levels substantially above background.
Average mass concentrations in the buildings were generally <0.1 ng/m?; the highest
average concentration measured was 15 ng/m3 However, as direct-preparation
techniques were utilized, the possibility of fibre obscuration must be noted.

All the above studies were carried out under conditions such that surfacing
materials were not disturbed. However, measurements indicate that routine main-
tenance activities can be a substantial source of short-term building air contamination,
if proper precautions are not taken. Thus, the Ontario Royal Commission reported
increased air levels from inspections above suspended ceilings and maintenance work
therein. In one case the exposure to a worker above the ceiling was 12 fibres >5 um per
ml. Earlier, Sawyer (1977) had reported optical fibre counts during routine building
maintenance ranging frem 0.2 to 17.1 f/1.

Thermal insulation materials are also readily damaged during the course of the
maintenance or repair of high-temperature equipment or during the course of building
activities. In many cases these materials are not located in the public areas of buildings.
However, debris can be carried into such areas by maintenance personnel if proper
precautions are not taken.

Asbestos abatement work is also a serious potential source of non-occupational
asbestos exposure. While procedures have been specified that should minimize
building contamination following renovation, removal, enclosure or encapsulation of
asbestos materials, these may not always be followed (see e.g., Burdett es al, this
volume, pp. 277-290). The EPA has monitored the efficacy of controls and clean-up
procedures in 4 schools undertaking removal of asbestos materials and in one school
encapsulating surfacing material. The results are shown in Table 6. As can beseen, no
measurable contamination was present in the schools after completion of the work.
Some escape of fibres during removal work occurred, but it was successfully dealt
with.

Use of air monitoring for hazard evaluation

The principal source of asbestos contamination in virtually all buildings is the
deliberate or inadvertent dislodgement of the material by building occupants during
the course of their use of the building or by maintenance activities undertaken by
building personnel. Control of the former is often difficult and, where damage caused
by building users is common, the only recourse may be removal of the material or
enclosure by other building products so as to prevent future damage. In contrast to
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Table 6. Geometric mean of chrysotile fibre and mass concentrations before, during
and after asbestos abatement?

Sampling Concentration

location
Before During Immediately After
abatement abatememb after abatement  school resumed

/D¢ (ng/m?) (/) (ag/m) () (ag/m? (D (ng/mi)

Encapsulation

Rooms with unpainted 14236 6.7 117.2 0.5 13.7 0.1 248.1 1.2
asbestos

Rooms with painted 6222 27 - - 0.8 0.0 187.2 0.8
asbestos

Asbestos-free rooms 2506 1.2 0.5 0.0 9.3 0.0 307 0.2
Qutdoors i5 090 0.0 0.0 6.5 0.0 2.8 0.0
Removal

Rooms with asbestos 312 0.2 17360 144 56 0.1 235 0.2
Asbestos-free rooms 61 0.1 12.0 0.1 1.6 ¢.0 18.1 G.1
Outdoors 126 0.1 1.3 0.0 20.0 0.1 7.8 0.0

“Source: US Environmental Protection Agency (1985, 1986b).
&Measurements outside work containment areas.
“Fibres of all lengths.

surfacing material, where control of damage may be difficult, control of thermal
insulation is much easier. Encapsulation of pipe coverings by appropriate covering
material and establishment of an appropriate building maintenance programme will
go far to eliminate exposures to building occupants and maintenance personnel. The
extent to which the various abatement options are utilized in a building will, of course,
depend on the potential for continued fibre release and for appropriate control.
Future building use and the frequency of renovation work also play important roles in
any decision to remove or treat asbestos materials in a building.

Air monitoring is generally not a satisfactory means of evaluating whether a
specific control activity should be adopted since it only gives a value at one particular
point in time and the circumstances are usually artificial. Absence of fibre contami-
nation when no building activity is taking place does not provide any information on
what may occur in the future. Furthermore, to accurately establish an average level for
a building, from which one might make a highly uncertain risk assessment, would
involve such extensive sampling as to make it totally impractical. In
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general, abatement activities must be underiaken on the basis of the observed
conditions and building circumstances rather than air monitoring.

One important fzct is that no generalization applicable to all buildings can be made
from measurements madein buildings selected according to various sampling criteria.
Buildings with intact asbestos provide no information on the hazard in buildings that
are severely damaged. The fact that most buildings have material in good condition,
with little evidence of release, does not mean that no action should be taken to conirol
emissions in buildings with severe problems. Thus, average building air conecentra-
tions cannot be used to justify inaction in a particalar building. It is well to keep in
mind that many people have drowned in rivers having an average depth of 30 cm. The
converseis alsotrue. The finding of substantially elevated concentrations in a building
with severe problems does not indicate the likelihood of fibre release in other buildings
with quite different materials and conditions.

Other building materials

Weathering of asbestos-cement wall and roofing materials has beenshowntobea
source of asbestos air pollution (Nicholson, 1978). Seven samples taken after heavy
rain in a school constructed of asbestos-cement panels showed asbestos concentra-
tions of 20-4500 ng/ m? (arithmetic mean =780 ng/ m?); all but 2 samples exceeded 100
ng/m3. It was suggested that asbestos was released from the asbestos-cement
walkways and roof panels and entrained into the school air when dry conditions
returned, No significantly elevated concentrations were observed in a concurrent
study of houses constructed of similar material. Here roof-water run-off landed on the
ground and was not re-entrained, while that of the schools fell on to 2 smooth
walkway, allowing easy re-entrainment when dry, Contamination from asbestos-
cement products has also been documented by Spurny et al. (1980).

Air contamination by fibres released from vinyl-asbestos tile as a result of wear has
been reported by Sébastien et a/. {1982), who found concentrations of asbestos of up to
170 ng/m3 in a building with worn asbestos floor tiles.

Private dwellings

Asbestos is commonly found in a wide variety of products in the home
environment. Most notable among the potential sources of airborne asbestos are
thermal insulation products on boilers and high-temperature water lines, insulation
material in various space heaters, textured paints, old wallboard and joint com-
pounds, and air-supply duct materials. Additionally, a variety of household products
has been found in past years to contain asbestos materials, Depending on the region,
these may continue to be produced, and include appliances such as hair dryers,
toasters, electrical cords, and portable heaters. Vinyl-asbestos floor tile is commonly
used in homes. However, the potential for release in home circumstances is very
limited unless the tile is sanded or physically abraded during home renovations. Of
greater concern are subflooring materials containing asbestos. Generally,
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release of asbestos fibres from such architectural materizls is limnited; hbowever, during
building alterations, by either the owner or outside contractors, contamination may
CCCUr.

Burdett and Jaffrey {1986) measured air concentrations in 24 buildings, mostly
private houses, having warm-air heaters containing asbestos. All but 3 buildings had
concentrations less than the analytical sensitivity of the counting protocol (1 fibre >5
pm per litre). In 2 buildings, average concentrations of | fibre >5 pm per litre were
measured.

Nicholson (1988) measured asbestos air concentrations in homes in which
asbestos-paper air ducts were used for air-conditioning systems. Most of the homes
also had chrysotile-containing textured paint in all liviiig areas. Theresults areshown
in Table 7. There was no statistical difference between air concentrations in homes
with asbestos paint and those without, nor between samples collected while the
air-conditioning system was in operaticn and those taken with it switched off.
However, there was a significant difference between the concentrations of all indeor
samples and those taken outdcors for control purposes. The difference is small and
would not warrant any abatement action. However, a problem exists in that home-
owners, unaware that paint may contain asbestos, may disturb the painted surfaces
during renovations.

Table 7. Asbestos concenérations in homes containing asbestos

products

Sampling No. of Asbestos

circumsiances? samples concentration
(ng/m?)

Asbestos in textured paint

A/C fans off 12 6.1(2.0-12.7)

AfC fans on 12 2.9 (0.0-11.0)

Average 4.5

No asbestos In texiured paint

A/C fans off 3 45(39-5.4)

A/ C fans on 3 2.2 (0.4-3.8)

Average 3.3

Qutside air 7 0.9 (0.04.3)

2A/C, air conditioning,
bRanges in parentheses.

Degradation of friction materials

One of the more significant remaining sources of environmental asbestos exposure
may be emissions from braking of antomobiles and other vehicles. Measurements
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of brake and clutch emissions in the USA reveal that 2.5 tons of unaltered asbestos are
released to the atmosphere annually and an additional 68 tons fall on to readways,
where some of the ashestos may be dispersed by passing traffic (Jacko et 2l 1973). Air
concentrations from such releases, however, were not measured by the authors.

Subsiantially elevated chrysotile asbestos concentrations have been found in
subway systems, the cars of which used chrysotile pads in brake systems (Chatfield,
1983). Analyses of samples collected during 1976 in the Toronto subway indicated
concentrations of up to 2.7 fibres of all sizes per miand, with one exception (a value of
20 000 ng/ m?3) mass concentrations up to 2500 ng/m3. Lower values were found in a
1980 survey and attributed to the use of direci-analysis techniques. A 1981 study of the
Stockholm subway found concentrations of 0.10-0.12 fibres >5 pm per ml and mass
concentrations of 170-430 ng/m3.

The data on the contribution of automobile braking to ambient air asbestos
concentrations are extremely limited. Lanting and den Boeft (1983) reporied
concentrations in a traffic tunnel to be approximately 10 times those in urban air {3
fibres >5 um per litre as compared with about 0.7 for urban air), and suggested that
vehicle braking was the source of the excess. In an earlier study, Alste et al. (1976)
reported average concentrations at a freeway exit of 0.5 fibres of all sizes per ml over
9-hour sampling pericds, much higher than at a distant site. Williams and Muhlbaier
(1982) measured asbestos emissions from braking in a test dynamometer and
estimated that normal driving releases 2.6 ug of airborne asbestos per km of travel.
Using the ratio of this value to total lead emissions per km and measured ambient lead
levels, they estimated the contribution of automobile braking to airborne asbestos to
be 0.063 ng/ m?, This procedure is likely to underestimate the effect of braking, as a
significant fraction of the emitted lead will rapidly settle to the ground, while the
emitted asbestos will tend to remain in suspension. It remains possible that automobile
braking makes the major contribution to the asbestos in the ambient air of cities, but
data are lacking either to confirm or refute this possibility. Data supporting this
hypothesis are presented by Kohyama in this velume, pp. 262-276.

Other fibre exposures

Man-made and other mineral fibres have largely replaced the asbestos minerals in
products where the potential for their release is high, as in thermal insulation or
surfacing materials. Fortunately, most man-made mineral fibres (MMMF) are of
non-respirable diameter, so that the use of such fibres carries a much lower risk than
that of asbestos minerals. However, in the absence of regulation, the use of other
naturally occurring fibrous minerals is increasing rapidly. Some of these, as well as
some MMMF, are of the same size and durability as asbestos and may present equal
health risks.

There are very few data on the presence of non-asbestos inorganic fibres in the
general environment. They are noted by analysts as present, usually in numbers
exceeding asbestos, but not quantified. Gypsum fibres are commonly present in the air
of buildings during renovation; their confounding effect in air samples can be avoided
by special procedures (Burdett, 1985). Friedrichs et a/. (1983) published data on the
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numbers of other fibres in ambient air samples in the Federal Republic of Germany;
their results, in terms of fibres of all sizes, are given in Table 8. As can be seen, the
concentrations of fibres of the 3 lisied non-asbestos minerals were less than those of
chrysstile and amphibole, but large numbers of other fibres were not identified.
Altree-William and Preston (1985) analysed 193 samples using 2 SEM and found
average concentrations of 0.32, 1.47 and 5.10 fibres of all sizes per litre for asbestos,
other minerals and organic fibres, respectively, Spurny and Stober (1981) identified
mineral fibres in urban and rural air in the Federal Republic of Germany. Total fibre
concentrations were in the range 4-15 /1, less than 6% of which were asbestos fibres.
The percentages of the various fibres and some aspects of analyses of single fibres are
shown in Table 9.

Table 8. Concentrations of fibres of all sizes measured in three citles in the Federal
Republic of Germany during 1882

Air concentrations (f/ m?) Sampling period

City Chrysotile Amphi-  Rutile Iron Glass Total
bole oxide

Diisseldorl 2320 1350 330 630 660 24 160 Monday-Friday
Dortmund 2600 2390 - 630 2490 31 800 Monday-Friday
Duisburg 1980 2610 40 480 1410 35 970 Monday-Friday
Disseldorf 750 720 - T 360 16 510 Friday-Monday
Dortmund 3320 1780 510 760 1270 23 4% Friday-Monday
Duisburg 5740 6890 1460 610 1220 24 070 Friday-Monday
Averages 2790 2620 460 640 1230 26 000

Source: Friedrichs et al. (1983).

Fibrous glass materials are common constituents of thermal and acoustic
insulation materials. Balzer er al. (1971) sampled building and outside air in
order to determine whether fibrous glass-lined ducts could be eroded. Their
data indicated concentrations of glass fibres in the ambient air of 8.26-4.5 /1 and
concentrations of other fibres of 1.5-3.3. The fibres enumerated were
those thicker than 1.6 um and longer than 4.8 um (glass fibres of these dimensions
were distinguishable in a petrographic microscope). They suggested that their study
indicated a significant reduction in numbers of such fibres after passage through a
standard building air filter and down a fibrous glass-lined duct. However, the data
supporting this conclusion were scant and not subject to verification by statistical
analysis. Gaudichet et al. (this volume, pp. 291-298) have provided extensive data on
air pollution by MMMF.

A variety of non-asbestos minerals are being used at an increasing rate as
replacements for asbestos, the most important being attapulgite and wollastonite.
Attapulgite fibres, which are generally less than 5§ um in length, are used in drilling
muds, cat litter adsorbents and filters, and as fillers in pesticides, fertilizers,
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Takle 9. Percentages of various mineral fibres In samples of urban and
reral 2iv in the Federal Republic of Germany

Fibre tvpe Sample

A B C D E
Potential non-contaminated 1.62 0.82 1.24 0.52 -
asbestos fibres
Potential contaminated 1.51 1.22 6.80 1.04 .41
asbestos fibres
Potential asbestos fibres 1.02 0.82 5.83 0.52 0.41
leached of kg or Fe
Other fibrous silicates 2.54 1.22 8.71 1.04 -
Fibrous gypsum 24.37 38.36 46.60 53.88 27.06
Contaminated fibrous gypsum 15.74 20.40 291 3.1 1.22
Fibrous ammonium sulfate 48.22 3.66 0.16 15.02 30.74
Unidentified fibre-like 5.58 33.50 26.05 24.87 40.16
particles

Source: Spurny and Stober (1981).

paints and filling compounds, pharmaceuticals and cosmetics. Their uncontrolled use
in this way may lead to environmental contamination. Particular concern exists with
regard to their use as pet waste adsorbents, but no air level data are available.
Wollastonite occurs as long thin fibres and is also used as 2 filler or as a reinforcing
fibre in insulation and wall board. Mine and mill concentrations of, respectively, 1 and
20 f/ml have been reported (Shasby et al, 1979), but no data exist for non-
occupational exposures.
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