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ABSTRACT

DNA damage due to reactive oxygen or nitrogen species is proposed to
be involved in the molecular mechanism of asbestos-induced carcinoge-
nicity. However, indications for this hypothesis came mainly from in vitro
assays using cultured cells or cell-free systems. In the present study, the
mutagenicity of crocidolite fibers and the underlying molecular mecha-
nisms were investigated in vivo. Mutation frequencies were determined in
DNA of omenta, a relevant target tissue for mesothelioma carcinogenesis,
using lacI transgenic rats. The mutagenic effect of 2 and 5 mg of crocid-
olite asbestos was demonstrated, with a maximal relative increase in
mutation frequency of 3.4 compared with the control group. The molec-
ular analysis of the mutations revealed striking differences according to
mutation types between asbestos-induced mutations and spontaneous mu-
tations. Therefore, a specific molecular mechanism induced by crocidolite
that differs from that induced by the generation of spontaneous mutations
can be proposed. G to T transversions, which are known to be induced by
the premutagenic DNA adduct 8-hydroxydeoxyguanosine (8-OHdG),
were the most prominent mutation type (29%) within crocidolite-induced
mutations. In additional experiments, 8-OHdG in DNA of omenta from
rats treated with 1 or 2 mg of crocidolite asbestos was determined. Levels
of 8-OHdG in animals treated with crocidolite were significantly increased
compared with negative controls. These data give strong evidence for the
involvement of reactive oxygen or nitrogen species in crocidolite-induced
mutagenesis in vivo.

INTRODUCTION

Occupational exposure to fibrous dusts in humans is a cause of
disorders like asbestosis and different types of cancer (1). Due to
exposition pathways, fibers induce tumors mainly in lung and pleura
and less frequently in pericardium and peritoneum. After penetration
of the lung tissue, fibers accumulate in the pleura (2). In the mesothe-
lial cell layer lining this cavity, in addition to other pathological
effects, mesothelioma is induced. In this target tissue, as compared
with the lung, clearance mechanisms are of minor importance. There-
fore, fibers persist here for a long time. In human, mesothelioma arises
after a long period of latency (1).

Besides proliferative and probably tumor-promoting effects (3, 4),
some fibrous dusts may have genotoxic potential. The mutagenicity of
fibers has been investigated using various in vitro assays with cultured
cells (for review, see Ref. 5). The mutagenicity of chrysotile has been
demonstrated by hypoxanthine-phosphoribosyltransferase assay and
Southern blot analyses in a human hamster hybrid cell line (6).
Together with results from S-1 mutation assays performed for several
natural and man-made fibers, these results indicate that fibers induce
genome or chromosome mutations rather than point mutations (7).
However, these and other approaches used mainly in vitro systems,
which only monitor direct effects of fibers on target cells. Indirect
effects mediated by the interaction of two or more cell types (e.g.,
inflammatory cells and mesothelial cells) have not been monitored

with these systems. Thus far, the mutagenicity of fibrous dusts in
mesothelial cells in vivo has not been demonstrated.

The molecular mechanisms of fiber-induced mutagenesis are not
understood. Mutation assays or DNA damage monitoring assays with
fibers in the presence of antioxidants indicate the involvement of
ROS2 in fiber-induced mutagenesis (8, 9). Several fibers have been
demonstrated in cell-free systems to catalyze the formation of hy-
droxyl radicals (10, 11). The production of hydroxyl radicals in cells
treated with asbestos may result in the formation of premutagenic
DNA bases such as 8-OHdG. The increase of 8-OHdG in genomic
DNA has been documented in vitro when rat pleural mesothelial cells
were treated with crocidolite asbestos (12). In vivo, these effects may
be augmented by hydrogen peroxide (H2O2) released from inflamma-
tory cells that are recruited after fiber deposition in the tissue (13).
Using intrinsic cellular or fiber-bound transition metals (mainly Fe) as
catalyzer, hydroxyl radicals may be generated via Fenton reaction
from H2O2, which is able to diffuse into target cells (14). In addition
to ROS, reactive nitrogen species may be involved in 8-OHdG gen-
eration. In rat alveolar macrophages, asbestos fibers were able to
induce nitric oxide (NO�; Ref. 15). In vivo, NO� may react with
superoxide anion to produce peroxynitrite, which is able to oxidize
guanosine to produce 8-OHdG. Studies with human lung epithelial
cells (A549) and Chinese hamster cells (V79 hgprt�; V79 hgprt�,
gpt�) revealed synergistic effects of NO and crocidolite asbestos with
regard to induction of 8-OHdG and mutation frequencies (16, 17).

However, a causal association between fiber- or particle-induced
oxygen or nitrogen species probably resulting in the formation of
8-OHdG and the manifestation of mutations in vivo has not yet been
demonstrated. An appropriate experimental approach for in vivo stud-
ies is mutagenesis assays with lacI transgenic animals (18). In this
system, bacterial reporter genes can be analyzed for mutations in
every cell of the target tissue relevant for the respective exposure
pathway. Using shuttle vectors, mutation frequencies are estimated in
a bacterial detection system. Subsequent molecular analysis of muta-
tion types (transition or transversion) can indicate the chemical mech-
anism of DNA damage in response to a certain carcinogen.

In this study, the mutagenicity of crocidolite asbestos was investi-
gated in vivo in lacI transgenic rats. Test substances were applied by
i.p. injection, which allows fibers to come directly into contact with
the mesothelial cell layer of the abdomen. In earlier studies, we have
demonstrated on the level of mRNA expression that mesothelioma
carcinogenesis in omentum is mainly comparable with this process in
pleural mesothelial cells of rats and humans (19). Furthermore, in this
tissue, in preceding tumorigenicity studies, mesotheliomas have been
observed most frequently (20). Mutations induced in this system were
investigated on the molecular level to analyze the spectrum of muta-
tions induced by crocidolite asbestos in vivo. The role of the premuta-
genic DNA adduct 8-OHdG in this mutagenic process was investi-
gated by measurement of this substance in the genomic DNA of
Wistar rats treated with crocidolite, using HPLC and electrochemical
detection.
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MATERIALS AND METHODS

Fibers and Chemicals. For i.p. treatment of animals, UICC crocidolite
asbestos with the following physical parameters was used: 8 � 107 fibers/mg,
considering fibers of a length:diameter ratio of �5/1, length � 5 �m, and
diameter � 2 �m (21). Samples were suspended in 0.9% buffered NaCl
solution in 50-ml aliquots by sonification (4 min, 100 W). BaP (Sigma
Chemical Co.-Aldrich, Deisenhofen, Germany) was solubilized in a carrier
substance (beeswax:tricaprylin, 20:80; Sigma Chemical Co.-Aldrich) at 50°C.
The dosages of 2 mg of crocidolite and 5 mg of BaP were chosen because of
their carcinogenic potency in the i.p. assay. In earlier experiments, these
dosages induced tumors in about 50% of animals (20). To detect rather low
mutagenic effects of crocidolite fibers, a relatively high dosage of 5 mg was
applied in an additional group.

Animals and Treatments. For mutagenesis assay, age-matched, female,
8-week-old transgenic F344 rats bearing multiple copies of �lacI shuttle
vectors (Big Blue) were purchased from Stratagene (La Jolla, CA; animals
were bred by Taconic Farms, Germantown, NY). Animals were randomly
housed in individual filter-topped cages in a room maintained with 12-h

light/dark cycles. After 2 weeks of adaptation, rats were injected i.p. with
either 2 or 5 mg of UICC crocidolite asbestos suspended in 2 ml of NaCl
solution. The negative control group was injected with 2 ml of NaCl solution.
The positive control group was anesthetized by i.p. injection of 37.5 mg/kg
body weight pentobarbital sodium. BaP was injected solubilized in carrier
substance tempered at 50°C to form long-term depots at body temperature. For
determination of 8-OHdG, an additional animal experiment was performed as
described above using Wistar rats (Rj:WI Han) purchased from Elevage
Janvier (Le Genest St Isle, France). Rats were i.p. injected with either 1 or 2
mg of UICC crocidolite.

Rats were sacrificed by CO2 inhalation after the respective incubation times
(see Table 1 and Fig. 1). The greater omentum (omentum majus) was carefully
prepared to prevent contamination with pancreatic tissue, snap-frozen in liquid
nitrogen, and stored at �80°C until DNA preparation. In addition, diaphragms
were prepared, formalin-fixed, and paraffin-embedded for subsequent patho-
logical examination. The mesothelial cell layer of the diaphragm was used as
an indicator for possible malignant transformation. Because this effect was not
observed, no animals had to be excluded from the analyses.

Table 1 Mutation frequencies in omenta of crocidolite asbestos-treated animals

Treatment group
Time after

exposure (weeks)
No. of
animals

No. of PFU
counted

No. of
mutants

Mutation frequency
(group mean � SD;

� 10�5)
Fold increase over

controls

NaCl (control) 4 5 86864 6
105084 3
61020 0
80208 1

100419 6 3.4 � 3
Crocidolite (2 mg) 4 5 73791 2

37644 1
77778 3
83998 3
33516 2 3.8 � 1.3 1.1

Crocidolite (5 mg) 4 5 25700 1
99441 4
98010 3
68517 4
24606 0 3.3 � 2.1 0.97

BaP (5 mg) 4 3 110250 40
56466 17
88389 39 36 � 7a 10.6

NaCl (control) 12 5 52326 1
62329 0

128466 4
100748 1
54424 1 1.6 � 1.2

Crocidolite (2 mg) 12 5 106496 5
107388 0
121662 2
128196 4
133650 3 2.3 � 1.7 1.48

Crocidolite (5 mg) 12 5 55998 4
168534 5
124563 6
86562 7
81548 4 5.5 � 2a 3.44

BaP (5 mg) 12 4 61586 17
52668 17
93582 14

120402 20 24 � 9.5a 14.8
NaCl (control) 24 4 145764 2

126489 1
112050 1
109782 0 0.8 � 0.6

Crocidolite (2 mg) 24 5 151974 4
152000 0
133542 4
109134 3
104940 5 2.6 � 1.7 3.25

Crocidolite (5 mg) 24 5 170766 5
149670 4
105390 3
81072 2

137844 3 2.6 � 0.3a 3.25
BaP 24 3 84042 40

93348 35
66330 17 37 � 11a 46

a Significantly different from age-matched control. P � 0.01 (Student’s t test).
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DNA Preparation and Phage Packaging. High molecular weight DNA
was prepared from the complete omentum (30–80 mg) using the RecoverEase
DNA isolation kit (Stratagene) according to the manufacturer’s recommenda-
tions. The whole amount of DNA was subjected to packaging reactions using
� phage packaging extracts (Transpack; Stratagene) as recommended. Rescue
efficiency was estimated by plating serial dilutions of the packaging reactions.

Plating Assay. The plating procedures followed the Big Blue instruction
manual (22). The calculated aliquot amounting to 10,000–15,000 PFU was
incubated with plating bacteria Escherichia coli SCS-8 and plated with NYZ
top agarose including 1.5 mg/ml 5-bromo-4-chloro-3-indolyl-�-D-galactopyr-
anoside (Stratagene) onto assay trays containing bottom agar. Trays were
incubated at 37°C overnight and subsequently sectored into 36 squares of equal
size. The number of viable phages was determined arithmetically after count-
ing of at least eight representative sectors of each tray. Blue plaques indicating
the mutant (lacI�) phenotype were scored visually using a light box and a red
transparency to enhance the color contrast of the mutant plaques. All mutant
plaques were scored independently by at least two trained individuals. Intensity
of the blue plaque staining as well as plaque morphology was recorded for each
plaque individually. For validation of the blue plaque identification, mutant
plaques were verified by replating in the presence of 5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside. Sectored plaques and pinpoint staining were
not counted as mutant. Mutation frequencies were calculated by comparing the
numbers of PFU and mutant plaques.

DNA Sequence Analysis. Mutant plaques from treated animals were ran-
domly selected for sequencing from groups that exhibited mutation frequencies
significantly different from those of control groups. Due to the low number of
mutant plaques in the control groups, spontaneous mutations were determined
from plaques of all time points (12 plaques, 4 weeks; 6 plaques, 12 weeks; 3
plaques, 24 weeks). Blue plaques were picked into individual tubes containing
50 �l of TE buffer [10 mM Tris (pH 8)-1 mM EDTA]. After incubation of
samples for 5 min at 98°C and cool down to room temperature, samples were
centrifuged for 5 min at 16,000 � g. Five �l of the supernatant were subjected
to PCR. The lacI gene was amplified with Taq DNA polymerase (Roche
Diagnostics, Mannheim, Germany) as recommended by the manufacturer
using the following primers: (a) forward primer, 5�-GTA-TTA-CCG-CCA-
TGC-ATA-CTA-G-3�; and (b) reverse primer, 5�-CGT-AAT-CAT-GGT-

CAT-AGC-TGT-T-3�. PCR conditions using a hot start technique were 30
cycles of 45 s at 94°C, 45 s at 50°C, and 1 min at 72°C. PCR products were
diluted 1:100 and subjected to direct sequencing with nested primers. Sequenc-
ing reactions were performed using the Thermo Sequenase Kit (Amersham-
Pharmacia, Freiburg, Germany) with Cy5-labeled oligonucleotides according
to the kit manual. Sequencing primers were as follows: (a) primer 3, 5�-CG-
GCG-ATG-GCG-GAG-CTG-3�; (b) primer 4, 5�-TGT-AAA-GCG-GCG-
GTG-CA-3�; (c) primer 5, 5�-T-CTG-GTC-GCA-TTG-GGT-C-3�; (d) primer
6, 5�-CT-GCG-ATG-CTG-GTT-GCC-3�; (e) primer 9A, 5�-T-CCG-CTC-
ACA-ATT-CCA-CA-3�; (f) primer 10, 5�-CAC-CAG-TGA-GAC-GGG-CA-
3�; (g) primer 11A, 5�-AG-CCC-GGA-CTC-GGT-AAT-3�; and (h) primer
13A, 5�-C-CAG-CGG-ATA-GTT-AAT-GAT-CA-3�. Sequence analysis was
performed using the AlfExpress automatic DNA sequencing system (Amer-
sham-Pharmacia). Mutations were identified using Mutation Analyzer soft-
ware (Amersham-Pharmacia). The sequencing strategy ensured bidirectional
overlapping sequencing of about 90% of the coding sequence. Only mutations
that occurred in two sequencing reactions with separate primers were accepted.
Mutational spectra were established by sorting the mutations identified in the
experimental groups according to position and type of mutation. Mutation
spectra were compared with the Big Blue lacI database accessible at the Center
for Environmental Health of the University of Victoria (British Columbia,
Canada).

Nucleoside Preparation. Genomic DNA was isolated immediately after
preparation of the tissue using the Qiagen Blood & Cell Culture DNA Maxi Kit
according to the recommendations of the manufacturer (Qiagen, Hilden, Ger-
many). DNA was then dissolved in H2O overnight at 4°C. Fifty �g of DNA
diluted in 135 �l of 20 mM C2H3NaO2 (pH 5.0) were incubated at 95°C for 10
min. Heat-denatured DNA was then hydrolyzed to nucleotides by 20 units of
nuclease P1 incubated at 65°C for 10 min in 20 mM C2H3NaO2 containing 0.1
mM ZnCl2, followed by incubation with 4 units of alkaline phosphatase for 1 h
at 37°C. The hydrolysate was filtered through Microcon 30 (Amicon, Beverly,
MA) before HPLC analysis to remove enzymes and other macromolecules.

Determination of 8-OHdG. A HPLC-System equipped with a diode array
detector 168 set at 252 nm (Beckman, Munich, Germany), an electrochemical
detector 41,000 with a glassy carbon working electrode set at a potential of 0.6
V (Chromsystems, Munich, Germany), and a Beckman Integrator (Nouveau
Gold System) was used. Separation was achieved on a 250 � 4.6-mm inner
diameter 7-�m C18 column (Adsorbosphere Nucleotide-Nucleoside; Alltech,
Unterhaching, Germany) by isocratic elution (1.0 ml/min) with 12% methanol
in 50 mM NaH2PO4 buffer containing 3 mM KCl (pH 4.5). The quantification
of the nucleosides dG and 8-OHdG was performed by comparison with the
corresponding standards. Levels of 8-OHdG in DNA were expressed as values
per 105 dG.

RESULTS

Mutagenicity Assay. Mutation frequencies in the lacI gene were
determined in DNA from omenta of lacI transgenic rats 4, 12, and 24
weeks after application of 2 or 5 mg of crocidolite asbestos (Table 1).
Despite the relatively low amounts of tissue extracted from each
animal, about 100,000 PFU, on average, were rescued. With five
animals in each group, sufficient data for reliable statistical analysis
were obtained. In some tissues from animals of the BaP group, DNA
preparation was impaired by the organic carrier substance; however,
because of the strong effects of this chemical carcinogen, significant
effects could be observed.

In tissues from control animals, the spontaneous mutation rates
were 3.4 � 10�5 (4 weeks), 1.6 � 10�5 (12 weeks), and 0.8 � 10�5

(24 weeks), respectively. In animals treated with the chemical mu-
tagene BaP, a mutation frequency 10.6-fold higher than that seen in
controls was observed 4 weeks after treatment. After 12 weeks, this
value increased up to 14.8-fold, and it peaked (46-fold) after 24
weeks. In crocidolite-treated animals, a significant increase in muta-
tion frequency occurred 12 weeks after treatment in the higher dosage
group (5 mg; 3.44-fold). The single treatment with 2 or 5 mg crocid-
olite asbestos revealed a 3.25-fold increase 24 weeks after treatment.
This effect proved to be significant for the animals treated with 5 mg

Fig. 1. Mean number of 8-OHdG molecules per 105 dG in DNA from rat omenta. A, 10
weeks after treatment; B, 20 weeks after treatment. 1, NaCl-treated control animals (10 weeks,
n � 6; 20 weeks, n � 7); 2, animals treated with 1 mg of UICC crocidolite (10 weeks, n � 6;
20 weeks, n � 10); 3, animals treated with 2 mg of UICC crocidolite (10 weeks, n � 5; 20
weeks, n � 8). �, P � 0.01 (Student’s t test).
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of crocidolite asbestos. Although the result for the lower dosage group
did not prove to be statistically significant (P � 0.08), we rank this
result as reliable to demonstrate the time course of mutagenicity
because only one animal was seen without detectable mutations,
resulting in a relatively high SD.

Mutation Spectra. To obtain indications for the molecular mech-
anisms of mutagenesis induced by crocidolite asbestos, mutational
spectra considering the chemical nature of the mutations were deter-
mined using DNA sequence data from mutant plaques (Table 2).
Comparing the frequencies of mutation types occurring in the exper-
imental groups, certain differences can be observed. G to A transi-
tions, which occur in the spontaneous mutations with the highest
frequency (57%), are less prominent in the animal groups treated with
the carcinogens. The most prominent type of crocidolite-induced
mutations was G to T transversions (29%). Another important muta-
tion type observed was deletions (1–3 bases; 26%) that were not
prominent in BaP-induced and spontaneous mutations. Comparing the
distribution of mutations over all possible mutation types, the statis-
tical analysis revealed that the spectrum of mutations induced by
crocidolite differs significantly from the spectrum of the spontaneous
mutations (P � 0.05; Fisher’s exact test). Comparison of reported data
from a lacI database with our mutation spectra revealed obvious
similarities regarding the spectra of spontaneous mutations. In differ-
ent tissues, the most prominent mutations were G to A transition
(40–60%) and G to T transversion (16–27%). The observed 57% of
G to A transitions and 19% of G to T transversions for rat omentum
are within this range (Table 2).

The analysis of mutational spectra with regard to the position of the
mutations revealed no predominant features for crocidolite-induced
mutations (data not shown). However, mutational hot spots observed
in the spontaneous mutations (three mutations in position 28, codon
10) and in the BaP group (four mutations in position 65, codon 22)
were not present in these positions in the crocidolite group.

8-OHdG. The possible involvement of 8-OHdG in fiber-induced
mutagenesis was tested by measurement of this premutagenic DNA
adduct in genomic DNA of omenta from Wistar rats 10 and 20 weeks
after treatment with 1 or 2 mg of crocidolite asbestos (Fig. 1). The
background level of 8-OHdG in control animals was 2.97 8-OhdG/105

dG (10 weeks) and 2.10 8-OhdG/105 dG (20 weeks), respectively. At
both time points in both dosage groups, a significant increase of
8-OHdG in the genomic DNA was observed compared with the
control group. The adduct levels in the 1- and 2-mg-treated groups
were 8.21 and 8.47 8-OhdG/105 dG after 10 weeks and 4.73 and 4.78
8-OhdG/105 dG after 20 weeks, respectively.

DISCUSSION

The system of transgenic animals bearing the bacterial reporter
gene lacI has been designed for in vivo mutagenicity testing of

substances in their relevant target organs (18). With this system, point
mutations and smaller insertions and deletions can be detected. In our
experiments, we tried to find these kinds of mutations in rats treated
with asbestos fibers in the omentum, which is the main target organ
for mesothelioma carcinogenesis in the peritoneal cavity. In earlier
experiments, after the chosen time points of 4, 12, and 24 weeks after
treatment, no tumors in treated animals were observed (20).

The present study describes a significant increase in mutation
frequencies in response to i.p. treatment with crocidolite fibers in lacI
transgenic rats. As expected, the strong chemical mutagene BaP
induced elevated mutation levels 4 weeks after treatment. This high
level was increased after 12 and 24 weeks. Although the chosen
dosages of 5 mg of BaP and 2 mg of crocidolite asbestos exhibited
similar carcinogenic activity in earlier experiments (20), in the muta-
genicity assays, we found differences in mutation frequencies between
these groups. This discrepancy could be an indication of the differ-
ences in the underlying molecular mechanisms of mutagenesis of
these two carcinogens. Whereas BaP is known to induce mainly bulky
adducts resulting in point mutation, the primary mode of genotoxic
action of crocidolite may be the induction of ROS or reactive nitrogen
species that result in DNA double-strand breaks and large genomic
mutations (23). However, most genome mutations such as large
deletions and insertions, translocations, and aneuploidia are not effec-
tively recovered by the lacI shuttle vector. Therefore, the overall
mutagenesis induced by crocidolite asbestos may be underestimated.
The differences in mutation frequencies may come from the high
number of undetected large mutations induced by crocidolite-derived
ROS. An additional indication for this hypothesis is the increase of
small deletions (which can be monitored with the lacI assay) in the
crocidolite groups observed in the molecular analysis of the mutant
lacI genes (Table 2).

Compared to an inhalation study with crocidolite asbestos and lacI
transgenic mice (24), a relatively high increase in mutations was
observed in rat omentum. Although the fiber numbers in both studies
were comparable (6 � 107 fibers/DNA preparation from mouse lung
versus 1.6 � 108 fibers applied to the abdomen of rats), in mouse
lung, an increase of only factor 1.9 has been observed 4 weeks after
treatment. Twelve weeks after treatment, this effect could not be
observed. These differences between the two studies may be due to
differences between lung tumor and mesothelioma carcinogenesis or
to species-specific reactions on fiber- and particle-induced pathogen-
esis. On the other hand, compared with the mouse inhalation study
and with other data from rat tissues, the spontaneous mutation rate
observed in omenta is relatively low (24, 25). Therefore, with this
background level, it was possible to monitor low effects on mutation
frequency. A trend in decreasing mutation frequencies over time was
observed (Table 1). However, this effect proved not to be statistically
significant, and therefore it cannot be ruled out that it is due to

Table 2 Number of mutations classified in mutation types observed in DNA from omenta of i.p. treated rats

G to A
transitiona

G to C
transversion

G to T
transversion

A to G
transition

A to C
transversion

A to T
transversion Insertion Deletionb 	

Crocidolitec

No. 7 4 10 1 2 1 9 34
% 20 12 29 3 6 3 26 99

BaP
No. 11 2 8 2 2 4 2 31
% 35 6 26 6 6 13 6 98

NaCl
No. 12 3 4 1 1 21
% 57 14 19 5 5 100

a Number of G to A transitions in CpG positions: crocidolite, 4; BaP, 8; NaCl, 7.
b Length and position of deletions are: crocidolite: 1 bp, codons 22, 58, 73, 2 � 215, 267, and 328; 2 bp, codon 297; 3 bp, codon 215; BaP: 2 bp, codon 56; 3 bp, codon 180; and

NaCl: 1 bp, codon 111.
c P � 0.05 (Fisher’s exact test), crocidolite compared with NaCl.
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experimental variability. In other studies with liver and bladder of lacI
transgenic mice, an accumulation of mutations during aging was ob-
served (26). Therefore, this possible phenomenon of decreasing muta-
tions would be difficult to explain. On the other hand, when mutation
frequencies of exponentially proliferating and quiescent lacI mouse cells
were compared with regard to their response to low dosages of ethylni-
trosurea, a 5-fold increase was observed in the growing cells (27). This
effect partially refers to mutation manifestation from premutagenic le-
sions, which in quiescent cells occurs in the bacterial assay system and
results in one mutant plaque for one DNA adduct. In proliferating cells
after DNA replication, two mutant plaques will be derived from one
adduct. Moreover, the authors speculate that unknown factors may pro-
tect quiescent cells from premutagenic DNA lesions. To our knowledge,
no comparable data from other groups performing mutation analyses with
omenta are available. Therefore, this phenomenon may be considered
tissue specific and has to be investigated in additional studies. Consider-
ing this possible trend, the mutagenicity of crocidolite is demonstrated in
the increase of the absolute mutation frequency in the 5-mg-treated group
after 12 weeks and in the slight increase in the 2-mg-treated group from
12 to 24 weeks (Table 1).

The spectra of mutations induced by crocidolite asbestos and the
mutations induced spontaneously exhibited significant differences
when compared with each other. This indicates that mechanisms
different from those leading to the induction of spontaneous mutations
are induced by crocidolite asbestos. In the mouse inhalation study,
however, no such differences have been observed (24). An increase of
mutations of the same type as the spontaneous mutations may possibly
be an effect of the enhanced proliferation rate in the target tissue after
fiber application. This may be an indication for tumor promotion
rather than for the mutagenic effect of asbestos (28). The difference in
results between reported data and data of this study could indicate
different pathways of tumorigenicity induced by crocidolite in lung
and in mesothelium.

The most prominent mutation type induced by asbestos was G to T
transversion. This type of mutation is often discussed in the literature
as the main descendant of the premutagenic DNA adduct 8-OHdG.
The most convincing data come from a study using lacI transgenic
mice that are defective in the removal of oxidative base damage (29).
In the animals lacking a DNA glycosylase specific for 8-OhdG, which
is encoded by the OGG1 gene, a dramatic increase in G to T trans-
versions has been observed in the spontaneous mutations. 8-OHdG
has been described to be induced in cell-free systems when pure DNA
is incubated with crocidolite or man-made mineral fibers (30, 31).
This effect has been increased by the addition of H2O2, which, in vivo,
may be released by inflammatory cells. In the i.p. assay in the recent
study, crocidolite asbestos treatment induced a significant increase in
the 8-OHdG level (Fig. 1). Although the chosen dosages in earlier
experiments induced tumor rates of 50% (2 mg) and 25% (1 mg),
interestingly, no dose dependency in 8-OHdG induction was ob-
served. 8-OHdG production in animals of the lower dosage group
seems to be at the maximum, which cannot be exceeded in the higher
dosage group. This result may be an indication of the dominance of a
cellular reaction, such as inflammation, providing H2O2 and NO. A
dose dependence observed in some cell culture experiments (12) that
may refer to reactions mediated directly by the interaction of fibers
with the target cells could not be reproduced in the in vivo system. The
plateau effect, however, was also observed in the in vitro study using
A549 cells (16). Mutagenic effects mediated by inflammatory cells
cannot be the cause for this behavior of 8-OHdG induction in these
experiments. One could speculate that inducible nitric oxide synthase
(responsible for production of NO in these experiments), which was
demonstrated to be induced by crocidolite, may be up-regulated to a
maximum and that NO may be the limiting factor for 8-OHdG

induction. An additional feature of 8-OHdG induction is the decrease
of fiber-induced 8-OHdG over time. Compared with the control
groups, the amount of 8-OHdG 20 weeks after treatment was lower
than that after 10 weeks. A possible long-term induction of repair
systems responsible for this effect should be visible in additional
experiments examining the expression status of specific repair en-
zymes.

In conclusion, the results of this study show that crocidolite asbes-
tos in vivo in the relevant target tissue for mesothelioma carcinogen-
esis is able to induce a significant increase in mutation frequency. The
mutational spectrum gives a clear indication of a molecular mecha-
nism that is different from the generation of spontaneous mutations.
The dominance of G-T transversions and the increase of the premuta-
genic DNA adduct 8-OHdG after fiber treatment indicate the involve-
ment of hydroxyl radicals in crocidolite-induced mutagenesis in vivo.
Additional experiments investigating the cellular composition of the
target tissue after crocidolite treatment should examine the hypothesis
of saturation of the cellular reaction.
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