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Iron associated with asbestos bodies is responsible
for the formation of single strand breaks in
X174 RFI DNA

L G Lund, M G Williams, R F Dodson, A E Aust

Abstract
The ability of amosite cored asbestos
bodies isolated from human lungs to
catalyse damage to qpX174 RFI DNA in
vitro was measured and compared with
that of uncoated amosite fibres with a
similar distribution of length. Asbestos
bodies (5000 bodies) suspended for 30
minutes in 50 mM NaCl containing 05
ug qX174 RFI DNA, pH 7.5, did not cata-
lyse detectable amounts of DNA single
strand breaks. Addition of the reducing
agent ascorbate (1 mM), however,
resulted in single strand breaks in 10% of
the DNA. Asbestos bodies in the pres-
ence of a low molecular weight chelator
(1 mM) and ascorbate catalysed the for-
mation of single strand breaks in 21% of
the DNA with citrate or 77% with ethyl-
enediamine tetra-acetic acid (EDTA),
suggesting that mobilisation of iron may
increase damage to DNA. Preincubation
for 24 hours with desferrioxamine B,
which binds iron (Fe (III)) and renders it
redox inactive, completely inhibited the
reactivity of asbestos bodies with DNA,
strongly suggesting that iron was respon-
sible. Amosite fibres (5000 fibres/reac-
tion), with a similar length distribution
to that of the asbestos bodies, did not
catalyse detectable amounts of single
strand breaks in DNA under identical
reaction conditions. The results of the
present study strongly suggest that iron
deposits on the amosite core asbestos
bodies were responsible for the forma-
tion ofDNA single strand breaks in vitro.
Mobilisation of iron by chelators seemed
to enhance the reactivity of asbestos bod-
ies with DNA. It has been postulated that
the in vivo deposition of the coat mater-
ial on to fibres may be an attempt by the
lung defences to isolate the fibre from the
lung surface and thus offer a protective
mechanism from physical irritation.
These results suggest, however, that the
iron that is deposited on asbestos fibres
in vivo may be reactive, potentially in-
creasing the damage to biomoleculs, such as
DNA, above that ofthe uncoated fibres.

(Occup Environ Med 1994;51:200-204)

Inhalation of asbestos fibres is known to
increase the risk of lung carcinoma and
pleural mesothelioma. ' Asbestos bodies are
fibres of asbestos coated with mucopolysac-

charides, protein, and iron (hence the term
ferruginous).2- The presence of these bodies
in the lungs of subjects has been used as an
indication of previous exposure to asbestos.5
In animal studies, Gross et al described the
formation of a ferruginous coating on both
fibrous and non-fibrous particulates.78
Whereas those formed on non-asbestos fibres
were reported by light microscopy to be simi-
lar to asbestos bodies, present guidelines rec-
ommend that such structures from human
samples be considered asbestos bodies only if
the core is colourless and transparent.9 The
only technique for true identification of the
core material is analytical electron
microscopy.2 10 Whereas amphiboles are often
seen in the core of asbestos bodies, longer
chrysotile fibres can also serve as suitable core
material when an appropriate quantity of
fibres are inhaled."
The number of inhaled fibres that become

coated to form asbestos bodies in the lung is
highly variable. In fact, some humans (and
certain animal species) are very inefficient at
coating asbestos fibres.12 The most generally
accepted theory is that most humans coat a
population of the longer fibres and that the
process of coating affords protection to the
tissue from the physical threat of the needle-
like fibres.'4 There seem to be several vari-
ables that contribute to the coating efficiency.
Factors that seem to be important in the
fibres are length, physical characteristics,13 14
and number of fibres inhaled.2 15 The factor
that seems to be most important is the coat-
ing ability of the macrophages.'216 Although
the mechanism of formation of these bodies is
not completely understood, it is thought that
a mucopolysaccharide matrix is deposited on
the fibre, then iron is deposited by
macrophages.4 17 18 Electron microscopy has
been used to show that the coat material con-
sists of dense granules about 6 nm in diame-
ter. These granules are thought to represent
either ferritin,'9 an iron storage protein, or
haemosiderin,36 a presumed breakdown prod-
uct of ferritin.

There is accumulating published evidence
showing that iron on or from asbestos fibres is
responsible for the biochemical reactions
attributed to asbestos in vitro.20 Iron has been
shown to be responsible for asbestos depen-
dent oxygen consumption,2122 hydroxyl radi-
cal formation,22-24 lipid peroxidation in vitro25
and in cultured cells,26-28 and damage to
DNA.27 29 30 The ability of iron deposited
in the ferruginous coat of asbestos bodies
to undergo redox reactions with oxygen
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(Haber-Weiss reaction) to catalyse damage to
biomolecules, such as DNA, has never been
investigated.
The purpose of the experiments presented

here was to compare the ability of iron associ-
ated with the coat of amosite cored asbestos
bodies with the ability of uncoated amosite
fibres to catalyse the formation ofDNA single
strand breaks in vitro. The addition of
a chelator-for example, ethylenediamine
tetra-acetic acid (EDTA) or citrate-and a
reducing agent, ascorbate, enabled better
comparisons of reactions with the coated v
uncoated fibres. The asbestos bodies
obtained for this study were from a patient
with a documented occupational exposure to
only the amosite form of asbestos.
Examination of the core composition by elec-
tron microscopy confirmed the homogeneity
of the uncoated fibres and asbestos body
cores and confirmed their elemental composi-
tion as ferromagnesium silicates.

Materials and methods
ASBESTOS BODIES, ASBESTOS, AND REAGENTS
Amosite asbestos bodies were obtained from
the lung tissue of a dead 68 year old insulator
who had adenocarcinoma. The tissue, fixed
in 10% formalin, was rinsed in deionised
water, dehydrated overnight in 95% ethanol,
rinsed a second time in water, and digested in
9-2% sodium hypochlorite (Wright Bleach,
Wright Inc, Ft Worth, TX, USA). The
asbestos bodies in the digest were isolated
from the uncoated asbestos fibres by sedi-
mentation and multiple water rinses. All
reagents were prefiltered through 0-2 ,um
nucleopore polycarbonate filters before use.
Some of the isolated amosite asbestos bodies
and a portion of the fixed lung tissue were
embedded in Spur's plastic3' and sectioned
for transmission electron microscopy.

Sized amosite asbestos fibres were isolated
from a sample provided by the National
Institute of Environmental Health Sciences.
Initially, unground amosite asbestos fibres
were suspended in deionised water and the
large and small fibre fractions were removed
by sedimentation and multiple rinses, until a
fraction with lengths similar to those of the
asbestos bodies was obtained. These fibres
were readily visible by phase contrast
microscopy because their diameters greatly
exceeded the resolution of the microscope.
Therefore, lengths of the asbestos bodies and
asbestos fibres were measured by light
microscopy. The distributions were obtained
by randomly measuring 100 asbestos bodies
or fibres with a Walton-Beckett graticule at
400 x magnification.
The identities of the asbestos body cores

and fibres were confirmed by energy disper-
sive x ray analysis and electron diffraction in a
JEOL 1OOCX analytical electron microscope
equipped with a TN 2000 x ray analyser.

Fibre and asbestos body concentrations
were determined by filtering aliquots of the
solutions through 0-45 ,um mixed cellulose
ester filters (Millipore) that were then dried

and subsequently cleared with acetone
vapour. The fibres and asbestos bodies were
counted by NIOSH 7400 rules at a
magnification of 400 x magnification with a
Walton-Beckett graticule.

Closed circular superhelical qXl74 RFI
DNA was obtained from New England
Biolabs (Beverly, MA, USA). DNA was
removed from the shipping buffer by ethanol
precipitation, as described by Maniatis et al 32
and redissolved in 50 mM NaCl, pH 7-5.
The sodium salt of L-ascorbic acid was
obtained from Sigma Chemical Co (St Louis,
MO, USA); sodium citrate and the disodium
salt of EDTA from Mallinckrodt, Inc (Paris,
KY, USA); Deferoxamine mesylate USP
(desferrioxamine B) from CIBA (Summit,
NJ, USA); and Chelex 100 from Bio-Rad
Laboratories (Richmond, CA, USA).
Contaminating metals were removed from 50
mM NaCl by chromatography with Chelex
100. The remaining solutions were then pre-
pared with chelex treated NaCl. Stock solu-
tions of ascorbate were prepared immediately
before use. All solutions were prepared under
incandescent yellow lights and stored in the
dark.

INDUCTION OF SINGLE STRAND BREAKS IN DNA
BY ASBESTOS BODIES OR SIZED AMOSITE FIBRES
Induction of single strand breaks in DNA was
measured as described previously.29 Briefly,
asbestos bodies or similarly sized amosite
fibres (5000 bodies or fibres/reaction) were
incubated with (oX174 RFI DNA (0.5 ,ug),
1 mM chelator (citrate, EDTA), or 1 mM
ascorbate or both for 30 minutes in 50 mM
NaCl, pH 7*5. Tracking dye without EDTA
was then added and the samples centrifuged
at 14 000 rpm for four minutes to remove the
asbestos bodies or fibres. Samples were
loaded on to a 0-6% agarose gel and elec-
trophoresis was carried out to separate closed
circular superhelical DNA from DNA with
single- strand breaks. After staining with
ethidium bromide, the gel was transillumi-
nated with ultraviolet light and pho-
tographed. The density of the bands was
determined by integrated scanning densitom-
etry. The percentage of DNA with single
strand breaks was then determined as
described previously.29 All results are
expressed relative to the control DNA (DNA
treated under identical conditions minus
asbestos bodies or amosite). To determine
whether iron was responsible for the forma-
tion of single strand breaks, desferrioxamine
B (10 mM) was preincubated with the
asbestos bodies for 24 hours before and
throughout the 30 minutes incubation with
DNA and the other components.
To find the effect that ethanol and chlorox

treatment had on the reactivity of iron,
amosite was treated with ethanol (95%) and
then chlorox (sodium hypochlorite, 5-25%)
for the time periods used in the isolation of
the asbestos bodies. The fibres were then col-
lected on a 0-2 ,m filter, washed with 50 mM
NaCl, and resuspended in 50 mM NaCl. The
ability of the treated fibres to induce the
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Figure 1 Transmission electron micrographs of cross sections of amosite asbestos bodies:
top, in the tissue (originally x 40 000); bottom, isolated (originally x 40 000).

formation of DNA with single strand breaks
at a concentration of 1 mg/ml, which is
known to induce the formation of DNA with
single strand breaks,29 was determined and
compared with untreated amosite.

All experiments were carried out at room
temperature (25°C) and in a room with
incandescent yellow lights to prevent photo-
chemical reduction of the iron." Each experi-
ment was repeated at least twice and results
are reported as the percentage of DNA with
single strand breaks relative to the control
untreated DNA.

Results
CHARACTERISATION OF ASBESTOS BODIES AND
AMOSITE FIBRES
Electron microscopy and x ray energy disper-
sive analysis of thin sections were used to

compare the morphology of asbestos bodies
in tissue with that of the isolated asbestos
bodies. The electron micrographs in fig 1
show that the isolation procedure produced
no visually significant changes in the cores or
coats of the asbestos bodies. Typical x ray
spectra illustrated by fig 2(A and B) and an
earlier work by Williams et al show very simi-
lar elemental composition before and after
isolation of the asbestos bodies.34 The pres-
ence of lead and copper in the x ray spectrum
from the tissue asbestos body did not repre-
sent elements present in the core fibre. These
elements were present as a result of the lead
citrate tissue stain and the close proximity of
the copper specimen support to the asbestos
body core being analysed. The fragmented
amosite core in the tissue fibre (fig 2(A)) was
smaller than that in the isolated asbestos body
(fig 2(B)). This resulted in a higher back-
ground and a greater iron to silicon ratio for
the tissue asbestos body, as the iron coat
comprised more of the sample area being
analysed. The isolated asbestos body section
was not stained with lead citrate and was
more distant from the copper specimen sup-
port, resulting in detection of no lead and
much lower concentrations of copper. The
iron to silicon ratio for the isolated asbestos
body core was typical of amosite.
To best compare the reactivity of amosite

fibres with asbestos bodies containing amosite
cores, amosite fibres were selectively filtered
to obtain length distributions that closely
resembled those of the asbestos bodies.
Figure 3(A and B) indicates the degree of
similarity between the two preparations. The
isolated asbestos bodies had a mean length of
61-2 4um and the sized fibres had a mean
length of 45 6 pm. The asbestos bodies
ranged from 17 to 244 pm and the fibres 10
to 147 1um in length.

THE FORMATION OF DNA SINGLE STRAND
BREAKS CATALYSED BY ASBESTOS BODIES
Table 1 shows that incubation of asbestos
bodies with qpX174 RFI DNA and ascorbate
for 30 minutes resulted in the formation of
very low, but statistically significant (p <
0-025, one sided Student's t test) amounts of
single strand breaks in DNA. The addition of
citrate or EDTA greatly enhanced (up to 7-7-
fold) this reactivity. Amosite (5000
fibres/reaction) did not induce detectable
amounts ofDNA with single strand breaks in
the presence or absence of a chelator. The
formation of DNA with single strand breaks
was not detected with asbestos bodies or
amosite fibres in the absence of ascorbate
(data not shown).
The iron chelator, desferrioxamine B,

which inhibits redox reactions of iron, was
incubated with asbestos bodies to determine
whether iron was responsible for the forma-
tion of DNA single strand breaks catalysed by
asbestos bodies. Desferrioxamine B com-
pletely inhibited ascorbate dependent forma-
tion ofDNA single strand breaks catalysed by
asbestos bodies in the presence or absence of
citrate or EDTA (data not shown).
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Figure 2 Energy
dispersive x ray spectra of
amosite asbestos body
cores, (A) in the tissue or
(B) isolated.
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To find the effect that ethanol and chlorox
treatment might have on the reactivity of iron
associated with fibres, amosite (1 mg/ml) was

treated as described and the reactivity of the
pretreated sample with DNA was compared
with untreated amosite. Table 2 shows that
under redox cycling conditions (in the pres-
ence of ascorbate), treated and untreated
amosite catalysed the same amounts of single
strand breaks in DNA in the presence or

absence ofEDTA.

Table 1 Theformation ofDNA single strand breaks
catalysed by asbestos bodies or amosite

DNA with single strand breaks (/) *

Additionst Asbestos bodies Sized amosite

None 10 (4) ND*
Citrate 21 (5) ND
EDTA 77 (7) ND

*Results are mean (SD) (n > 3) and are relative to the con-
trol, untreated DNA.
t Assays contained 5000 asbestos bodies or amosite fibres
incubated with 05 ,ug (X174 RFI DNA and 1 mM ascorbate
for 30 minutes under the indicated conditions.
t ND, not detectable (s< 5% DNA with single strand breaks).

Table 2 DNA single strand breaks catalysed by ethanol
chiorox treated or untreated amosite

DNA with single strand breaks (/o)*

Additionst Untreated amosite Treated amosite

None 21 19
EDTA 52 50

*Results are represented as the average of two experiments
and are relative to the control, untreated DNA.
tAssays contained 1 mg/ml treated or untreated amosite incu-
bated with 05 pug qpX174 RFI DNA for 30 minutes under the
indicated conditions.

Discussion
The results presented here show that amosite
core asbestos bodies isolated from human
lungs catalyse the formation of DNA single
strand breaks in vitro. Two lines of evidence
strongly suggest that the iron was responsible
for the induction of single strand breaks:
firstly inhibition of the formation of single
strand breaks in DNA by desferrioxamine B,
and secondly enhanced formation of single
strand breaks in the presence of EDTA.
Desferrioxamine B binds iron (Fe (III)) and
completely inhibits its reaction with oxygen
under the conditions used in these experi-
ments. Desferrioxamine B is also known to
completely inhibit crocidolite or amosite
dependent formation of SSBs by fibres sus-
pended at 1 mg/ml.29 It is known that EDTA
enhances the reaction of iron with oxygen.'5
Also EDTA enhances crocidolite dependent
oxygen consumption,2' hydroxyl radical for-
mation,22 and induction of DNA in vitro.29

Although these results are the first to show
that iron associated with asbestos bodies is
reactive in vitro, the role of iron in the bio-
chemical reactivity of uncoated asbestos
fibres has been studied extensively.20 Iron is
responsible for asbestos dependent oxygen
consumption,2122 hydroxyl radical forma-
tion,22-24 lipid peroxidation,25 and damage to
DNA272930 in vitro. There is also evidence to
suggest that iron may play a part in the bio-
logical effects of asbestos in cultured cells.20

Asbestos bodies catalysed the formation of
DNA single strand bodies in vitro whereas
comparable numbers of similarly sized
amosite fibres did not catalyse detectable
amounts of single strand breaks. This may be
the result of increased amounts of reactive
iron associated with asbestos bodies com-
pared with uncoated amosite fibres. Although
amosite fibres were fractionated to obtain a
range of lengths closer to those of the
asbestos bodies, there was no way to correct
for the greatly increased diameter of the
asbestos bodies resulting from the deposits on
the surface. Therefore, the increased average
surface area of the asbestos bodies very likely
contributed to the increased availability of
iron and damage to DNA dependent upon
asbestos bodies. Although the sized amosite
fibres used in these studies did not damage
DNA at 5000 fibres/reaction, both amosite
and crocidolite have previously been shown
to catalyse the formation of DNA single
strand breaks at 1 mg/ml,29 a much higher
concentration of fibres than the concentration
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of asbestos bodies or amosite fibres used
here.

Addition of a low molecular weight chela-
tor, citrate or EDTA, greatly enhanced the
reactivity of asbestos bodies with DNA. The
increased reactivity suggested that mobilisa-
tion of iron from the bodies was important.
This is consistent with earlier work that
showed that mobilisation of iron by low mol-
ecular weight chelators greatly enhanced cro-
cidolite dependent oxygen consumption,2
hydroxide radical formation,2 and formation
of DNA single strand breaks29 in vitro.
Although EDTA is not present in vivo, there
are many organic acids, including citrate,
amino acids, and fatty acids that are present
and might serve as chelators for iron mobili-
sation from asbestos bodies or uncoated
asbestos fibres.
The ethanol and chlorox treatment used to

isolate the asbestos bodies did not affect reac-
tivity of iron associated with, or mobilised
from, uncoated amosite fibres. This does not,
however, exclude the possibility that the
mucopolysaccharides or proteins that coat the
bodies were removed during the isolation
procedure. It is not known how these con-
stituents of the coat material may affect the
reactivity of the deposited iron in vivo. This
will be the subject of future investigations.

In conclusion, the results presented here
suggest that iron deposited on to asbestos
fibres in vivo may be reactive. The increase in
surface area and availability of iron on
asbestos bodies compared with the core fibres
may result in more damage to cellular macro-
molecules, rather than less, as has been previ-
ously proposed.
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AEA.
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