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Editorial

Mechanisms of asbestos carcinogenesis and toxicity:
the amphibole hypothesis revisited

Inhalation of asbestos in various industrial settings
has been associated with the development of lung
cancers and malignant mesotheliomas of the pleura
and peritoneum. It has become increasingly clear
within the past few years that the prevalence of
mesothelioma varies considerably according to
fibre type-the highest incidence of tumours being
reported in workers exposed to crocidolite or
mixed exposures of crocidolite and chrysotile.1
Exposures to amosite in the presence and absence
of chrysotile also have resulted in less striking
increases in pleural and peritoneal mesotheliomas.' 2
Of current debate is whether or not the mesothe-
liomas reported in chrysotile miners and millers in
Quebec can be attributed to tremolite or other
amphibole fibres existing in the Thetford and
Asbestos mining areas.3 Based on findings from a
compendium of epidemiological studies,4 the
"amphibole hypothesis" was advanced to provide a
mechanistic framework for the increased patho-
genicity of the amphiboles, crocidolite and amosite
asbestos, in the causation ofhuman mesothelioma.5
According to this theory, an important but not
exclusive factor in asbestos carcinogenesis is the
durability of fibres in pleura or lung over the
extended latency periods of tumour development
averaging 35 to 40 years in humans. Thus in com-
parison with chrysotile fibres that appear to dis-
solve or fragment over time, amphibole asbestos
may persist at sites of tumour development and
serve as a chronic, necessary stimulus for neoplastic
growth. Experimental evidence in support of this
concept comes from the earlier work of Brand and
colleagues exploring the mechanisms of "foreign
body carcinogenesis", a phenomenon in which
plastic films or other foreign bodies cause sarcomas
when implanted subcutaneously into rodents.6 In
this model, tumours fail to develop if the implant is
removed before a critical period of time.

In recent years, important advances have been
made toward understanding the molecular mecha-
nisms of asbestos induced carcinogenesis and toxi-
city. The cytotoxic, genotoxic and proliferative
effects of asbestos seem to be mediated in part by
active oxygen species, reactive metabolites of oxy-
gen that are produced from phagocytic cells, partic-
ularly in response to long (>5p) carcinogenic fibres,

or catalysed by iron on the fibre surface. Thus the
needle like configuration and durability as well as
increased iron content of crocidolite, in comparison
with amosite or chrysotile, may govern its ability to
produce chronic inflammation and proliferation,
events that may be coupled to its increased patho-
genicity. Highlights of relevant studies are sum-
marised here.

Carcinogenesis is conventionally regarded as a
series of events that begin with initiation of genetic
alterations by an agent(s) that interacts with DNA
and causes heritable alterations. Cells bearing
oncogenic mutations then require a stimulus to
divide during the extended period of tumour pro-
motion and progression. The long latency time
between initiation and diagnosis of disease may
reflect the findings from many experimental models
that multiple genetic changes are required for the
development of tumours. For example, non-ran-
dom cytogenetic alterations have been found in
human mesotheliomas including losses of chromo-
some 4, 22, and 9p and increases in chromosomes
5,7 and 20.7-9 Chromosome 3p and 17p deletions
occur often in these and other tumour types.

Searches for mutations in conventional onco-
genes (ras, myc) that may be activated as a result of
asbestos induced chromosomal changes have
proved negative. Moreover, few alterations in
tumour suppressor genes (p53, retinoblastoma) in
which deactivation is critical to the initiation or
development of other neoplasms have been found
in human mesotheliomas. These experiments are
limited by the complexity of genetic changes seen
in human tumours and the possibility that unique
genes or cooperative interactions between genes
may be important in the development of tumours.
In a preliminary report, three of four human
mesothelioma cell lines showed p53 gene alter-
ations that have been documented in other
tumours including lung carcinomas. '0' Examina-
tion of 20 mesothelioma cell lines from 17 patients
exhibited p53 abnormalities in only three lines
however and there was no evidence of Ki-ras acti-
vation.'2

Traditional approaches of identifying asbestos
induced oncogenes by rodent transformation assays
have been inconclusive. For example, transfection
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of murine NIH/3T3 cells with DNA from a human
mesothelioma showed that the transforming DNA
was not homologous to any of the ras oncogene
family, and the identification of the gene(s)
involved remains unresolved."3 Other groups have
examined normal human mesothelial cells and
mesotheliomas to discern differences in expression
of oncogenes encoding growth factors.'415 These
studies show increased RNA complementary to
c-sis, an oncogene encoding the ,B chain platelet-
derived growth factor (PDGF), in mesotheliomas.
Thus PDGF, a documented mitogen, may be
important in conferring autonomous tumour
growth.

Because most carcinogens are mutagens and
conventionally regarded as genotoxic, much atten-
tion has focused on the mechanisms of DNA dam-
age by asbestos. Unlike chemical carcinogens,
asbestos fibres are not mutagenic in the Ames test,
a bacterial assay designed to predict the mutagenic
potential of various pollutants, or in other assays
routinely used to evaluate mutagenicity.'6 17 The
development, however, of a sensitive human-ham-
ster hybrid cell assay that detects both point
mutations and large deletions often lethal to
normal cells has facilitated the detection of large,
multilocus type lesions by chrysotile and crocidolite
asbestos.'8 19 These results are important in that
they may explain the mechanisms of asbestos
induced genotoxicity leading to cell death of
human mesothelial cells, a cell type extremely sen-
sitive to the cytotoxicity of asbestos by comparison
with other cells of the respiratory tract.20 Moreover,
these data may be more relevant to the explanation
of asbestos mediated cytotoxicity (as opposed to
carcinogenicity) as multilocus deletions may not be
compatible with cell survival and are implicated in
cell damage by a variety of chemicals and ionising
radiation.2'
The mechanisms of asbestos mediated muta-

genicity have recently been explored with human
lymphocytes in whole blood.22 In these experi-
ments, chrysotile asbestos, a zeolite mineral and
latex particles increased the frequency of chromo-
somal aberrations in cultured lymphocytes.
Because particulates caused increased generation of
active oxygen species in peritoneal macrophages
and genetic changes were inhibited by antioxidant
enzymes (superoxide dismutase and catalase) and
the iron chelator, rutin, genotoxicity was attributed
to active oxygen species either generated during
phagocytosis of particulates by monocytes in whole
blood or catalysed by iron. These results illustrate
the importance of using inert or non-carcinogenic
particles, such as latex, as controls in experimental
work with asbestos and the difficulties in equating
particle induced mutagenicity in vitro with carcino-
genic potential.

The work cited and recent work by Lund and
AuSt23 24 and others (reviewed in25) support an ever
increasing data base acknowledging the importance
of active oxygen species in carcinogenicity of
asbestos. This hypothesis first stemmed from find-
ings showing that cytotoxicity of asbestos prepara-
tions containing long (> 10,u) fibres could be
prevented by antioxidant enzymes and other scav-
engers of active oxygen species whereas cytotoxicity
of shorter fibres and glass was unaffected.26
Subsequent work has confirmed the importance of
fibre length and geometry in the generation of
active oxygen species by alveolar macrophages-
longer, carcinogenic fibres (crocidolite, erionite)
generate larger amounts of active oxygen species
whereas short fibres and particles are relatively
inactive.27 Some laboratory groups have reported
that all types of asbestos cause generation of some
active oxygen species in cell free systems via iron
catalysed reactions on the fibre surface, thus reveal-
ing a second mechanism of generation of active
oxygen species by asbestos.2829 On a surface area
basis, crocidolite is more catalytic than chrysotile.'0
The presence of iron seems to be a critical and nec-
essary factor in asbestos induced cytotoxicity,"3
lipid peroxidation,'2-4 and DNA breakage.24"2"5
Moreover, chelation and subsequent mobilisation
of iron from asbestos enhances its biological effects
in vitro23 and might, in the case of amphibole types
of asbestos, occur over the protracted period
of tumour development in vivo. A comparison
of the chemical composition of chrysotile
(Mg6Si4O0o(OH)8) and the amphiboles, crocidolite
(Na2(Fe3+)2(Fe2+)3Si8O22(OH)2) and amosite
((Fe,Mg)7Si8022(OH)2), shows that the iron con-
tent of crocidolite (about 36% of weight) is sub-
stantially increased by comparison with amounts in
chrysotile (only 2%-3% in some chrysotile sam-
ples).36 Therefore, the decreased amounts and
bioavailability of iron in chrysotile fibres may ren-
der them less biologically active over time.
Whereas both chrysotile and amphibole types of

asbestos cause chromosomal alterations in rodent
and human mesothelial cells in culture,20"
bronchial epithelial cells seem to be more resistant
to the genotoxic and cytotoxic effects of asbes-
tos.20 38'39 Accordingly, asbestos seems to have more
of a cocarcinogenic and promoter-like role in the
development of lung cancer (reviewed in5). By con-
trast, chemical carcinogens in cigarette smoke
cause damage to DNA by multiple mechanisms
consistent with their classification as initiators of
carcinogenesis.

Although others have suggested from epidemio-
logical data that asbestos also functions primarily as
a tumour promoter in mesothelioma,40 the mole-
cular mechanisms of asbestos induced tumour pro-
motion, a phenomenon involving chronic cell
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phenomenon as antioxidants block asbestos medi-
ated responses.46 Moreover, it has been well docu-
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Crocidolite asbestos cause cell death, which then stimulates
proliferation of surviving cells-that is, compen-
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errors during the process of tumorigenesis43 44
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