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Objectives In lungs of asbestos-exposed persons alveolar and interstitial macrophages are able to release
genotoxic substances such as reactive oxygen intermediates.It is unknown whether reactive oxygen intermediates
released by macrophages are able to induce DNA (deoxyribonucleic acid) strand lesions in neighboring bronchial
epithelial cells.
Methods A co-culture (transwell) system was established which allows exposure of human blood monocytes
cultured on a polycarbonate membrane within a distance of 1 mm of a monolayer of the bronchial epithelial cell
line BEAS-2B.
Results Exposure of blood monocytes to chrysotile B (100 yg/106cells) caused an up to 2.8-fold increase in DNA
strand lesions in co-cultured BEAS-2B cells measured by alkaline elution when compared with the levels of control
cells after 1, 3, 24, and 48 hours. The main DNA damage thus occurred as early as within 1 hour of incubation,
corresponding to the time course of the release of reactive oxygen intermediates by blood monocytes determined by
che~niluminescence.The maximum release of reactive oxygen intermediates (3.2-fold increase over control values)
was measured after 30 minutes of exposure of blood monocytes to chrysotile B. The addition of catalase (200 Ulml)
or desferoxarnine (100 yM) to the culture medium blocked almost completely the induction of DNA strand lesions
in this system (maximum 85%).
C O ~ ~ C ~ U Exposure
S ~ O ~ Sof blood monocytes to chrysotile B results in an increase in the release of reactive oxygen
intermediates and induces DNA strand lesions in neighboring bronchial epithelial cells.
Key terms asbestos, deoxyribonucleicacid, epithelial cells, monocytes, reactive oxygen intermediates.

Asbestos is a hydrated magnesium silicate fiber, of which
the serpentine, chrysotile B, is used for 95% of industrial purposes (1,2).
Chrysotile B is deposited in the respiratory tract
through impaction, sedimentation, and interception. The
physical and chemical properties of the substance make
this fiber especially vulnerable to interception at the bifurcations of the bronchioles and alveolar ducts (3, 4).
No mucociliary transport system exists in this part of the
distal respiratory tract ("slow clearance area"). The fibers in this area are known to be taken up by type I alveolar epithelial cells. In addition asbestos fibers have been
reported to penetrate into the interstitium after 4-8 days
and have further been observed in capillary endothelial
cells and capillary lumina (5, 6).

1
2

After the incorporation of asbestos fibers the initial
lesion is caused by a n accumulation of alveolar
macrophages in the alveolar ducts and subsequent swelling as a result of a predominance of interstitial macrophages followed by fibroblasts (7). The bronchial and
alveolar epithelial cells are injured by mediators released
by alveolar macrophages as they attempt to phagocytize
free fibers entering the distal respiratory tract. During the
phagocytosis of asbestos fibers macrophages release significantly increased amounts of reactive oxygen intermediates (eg, superoxide anion and hydrogen peroxide) (810). The toxicity of oxidant species to bronchial epithelial cells may be a result of the lipid peroxidation of membrane components (1 1-16). In addition, the release of
reactive oxygen intermediates may b e responsible for
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mutagenicity (17-19). The generation of reactive oxygen intermediates is able to induce DNA (deoxyribonucleic acid) single-strand breaks. To evaluate whether
neighboring epithelial cells are damaged as well, we
established a co-culture system in which bronchial epithelial cells are cultured within a distance of 1 millimeter of chrysotile-stimulated human blood monocytes,
which are cytologically related to alveolar macrophages. The aim of this study was to investigate whether or
not stimulated blood monocytes are able to release mediators which induce DNA single-strand breaks in epithelial cells and whether a potential induction of genotoxic effects can be blocked by antioxidants.

Material and methods
Isolation of peripheral blood monocytes
Heparinized venous blood was obtained from 3 1 healthy,
nonsmoking persons [22 men and 9 women, mean age
27 (SD 4) years], none of whom was receiving medication at the time of the investigation. Mononuclear cells
were isolated from peripheral blood by Ficoll-density
gradient centrifugation (20). The cells were washed 3
times and resuspended in tissue culture medium [macrophage serum free medium (macrophage SFM, Gibco,
Karlsruhe, Germany)]. The percentage of the blood
monocytes of the total peripheral blood mononuclear
cells was determined by Giemsa staining. The mean value for the blood monocytes of the preparations was 34
(SD 9)%. Pure monocytes were prepared using cell adherence [incubation on the polycarbonate membrane of
transwell culture dishes (Costar, Cambridge, USA) in humidified air containing 5% carbon dioxide at 37°C for
45 minutes] and then washed 3 times in culture medium
(macrophage SFM, Gibco).

Co-culture
The BEAS-2B cell line is a SV-40-transformed human
bronchial epithelial cell line (obtained from ATCC,
#CRL 9609) (21). BEAS-2B cells were cultured in the

lower compartment of a transwell-plate (Costar) 3 to 4
days prior to the experiments and grown in macrophage
serum-free medium at 37°C in humidified air containing
5% carbon dioxide. After the BEAS-2B cells were grown
to confluence, freshly isolated blood monocytes were
placed onto 3-pm pore size polycarbonate membranes
(Costar) of the upper compartment of the transwell plate
and exposed to fibers (figure 1).

Exposure to particles and treatment with antioxidants
The asbestos fiber chrysotile B was purchased from the
Fraunhofer-Institut (Munich, Germany). The tested fibers ranged in length from 3 to 5 micrometers. Co-cultured blood monocytes were exposed to chrysotile B at
concentrations of 50 and 100 pg/106 cells for 1, 3, 24,
and 48 hours. The blood monocyte concentration was lo6
cells/ml. A chrysotile B concentration of 100 pg/106 cells
is therefore equivalent to 100 pglml. The cells were exposed at 37°C in humidified air containing 5% carbon
dioxide.
In the experiments with antioxidants, catalase (200
Ulml), desferoxamine (100 pM), or ascorbic acid (100
pM) (all purchased from Sigma, Deisenhof, Germany)
were added to the culture medium of the lower compartment of the transwell system and the co-cultured blood
monocytes were simultaneously exposed to chrysotile B
at a concentration of 100 pg/106 cells for 3 hours.

Chemiluminescence assay
The chemiluminescence assay, described by Miles and
his co-workers (22), was used for the measurements of
reactive oxygen intermediates. Briefly, the reaction mixture, consisting of 100 microliters of freshly prepared luminol (Sigma) solution (a stock solution of 10 mM luminol in dimethyl sulfoxide), was diluted 1 5 0 in macrophage SFM, 100 microliters of macrophage SFM, and
200 microliters of cell suspension (containing 2 x lo5
blood monocytes in macrophage SFM). The cell suspension was pipetted into a prewasmed (37°C) reaction mixture. The fibers were not removed from the cell suspension after exposure because they did not quench the
chemiluminescence signal. The addition of the cells
marked the beginning of the reaction period. The measurement time was 15 minutes, during which the peak integral was detected. The data have been presented as peak
area counts per 200 000 cells/minute.

Standardization of the alkaline elution

--

-

Figure 1. Co-cultured (transwell system) of asbestos-exposed blood
monocytes (EM) and bronch~alepithelial cells (EC). (ROI = reactive

oxygen intermediates)
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For standardization, BEAS-2B cells were treated with
gamma irradiation in a dose range of 0-1000 rad, using
a cesium irradiation source (500 ~Gylminute).The cells
were stored on ice 15 minutes before, during, and after
the irradiation to minimize DNA repair. An almost linear dose-dependent increase in DNA strand lesions was
observed (figure 2).

Determination of deoxyribnucleic acid strand lesions
by alkaline elution
Alkaline elution was performed as described elsewhere
(23). Briefly, 1 million cells were placed on polycarbonate filters (pore size 2 micrometers, Costar) and lysed
at 1.5 ml/hour for 50 minutes (lysing buffer: 2 M sodium chloride, 10 mM ethylenediaminetetraacetic acid,
0.5% triton X-100, pH 10.0). The elution was performed
using an elution buffer (5 M sodium chloride, 20 mM
ethylenediaminetetraacetic acid, pH 12.6) at a flow rate
of 0.75 mllhour for 10 hours. An automatic analyzer (San
plus System with sampler 1000 and fluorimeter 6300,
Skalar, Breda, The Netherlands) and the DNA-binding
fluorescent dye bisbenzimide (Hoechst, Germany) were
used for the fluorometric analysis. The relative DNA
strand lesion rate k was calculated as k = -10 lgR, where
R is the fraction of DNA remaining on the filter after 10
hours of elution. The elution rates were transformed into
x-fold ("relative DNA strand lesion rate") of the control
value (= 1.0). All of the cell preparations for the measurement of DNA strand lesions by alkaline elution were
tested for cell membrane integrity using trypan blue exclusion.

of blood monocytes to chrysotile B at concentrations of
50 and 100 yg/106 cells (figure 4). The result was a maximum 1.8-fold increase in DNA strand lesions of co-cultured BEAS-2B cells after a 1-hour exposure period
(P<0.06). Three hours of exposure of blood monocytes
to chrysotile B induced a 2.1-fold (50 yg/106 cells) and
2.2-fold (100 yg/106 cells) increase in DNA strand lesions of co-cultured BEAS-2B cells (P<0.05). A 1.9-fold
(50 yg/106 cells) and a 2.0-fold (100 yg/106 cells) increase in DNA strand lesions of co-cultured BEAS-2B
were observed after the exposure of blood monocytes to
chsysotile B for 24 hours (P<0.1). The maximum increase
in DNA strand lesions of the co-cultured BEAS-2B was
observed after a 48-hour exposure period of blood

Stastistical analysis
The data have been presented as the means and standard
deviations. The Wilcoxon test for unpaired samples was
applied to determine the differences between the treated
cells and the controls. P-values of <0.05 were considered
to be statistically significant.

irradiation [rad]

Figure 2. BEAS-2B cells treated for standardization with gamma

Results

irradiation at a dose range of 0-1000 rad, using a cesium irradiation
source (500cGy/minutes).Cells were stored on ice 15 minutes before,
during, and after the irradiation to minimize DNA repair. (re1 = relative)

Release of reactive oxygen intermediates of chlysotileexposed blood monocytes
Thirty-minute exposure of blood monocytes to chrysotile
B at concentrations of 50 and 100 yg/106 cells induced a
dose-dependent and significant maximum 3.2-fold increase in the release of reactive oxygen intermediates
(P<0.05, figure 3). The fiber-induced production of reactive oxygen intermediates in the blood monocytes was
inhibited by superoxide dismutase (100 yg/ml). Thirtyminute exposure to chrysotile B (100 yg/106cells) resulted in 12.96 x lo5 (SD 4.2 x lo5) cells/minute, in comparison with 6.8 x lo5 k 2.17 x lo5 cells/minute after
chrysotile B exposure plus 100 yglml superoxide dismutase.

Determination of deoxyribonucleic acid strand lesions
in co-cultured BEAS-2B cells after chrysotile B
exposure of blood monocytes
DNA strand lesions were determined in co-cultured
BEAS-2B cells after 1, 3,24, and 48 hours of exposure

Chrysotile (pg/rnl)

Figure 3. Dose-dependent release of reactive oxygen intermediates of
chrysotile-exposed blood monocytes (BM) after 30 minutes of expo-

sure. Fiber concentrations of 50 and 100 pg/106 cells induced a
significant maximum 3.2-fold increase in the release of reactive
oxygen intermediates (P<0.05).These findings were verified by the
inhibition of the fiber-induced production of reactive oxygen intermediates in blood monocytes after the addition of 100 pg/ml superoxide
dismutase (SOD).
Scand J Work Environ Health 2000, vol26, no 1
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in
co-cultured BEAS-2B cells after 1, 3,24, and 48 hours of exposure of
blood monocytes to chrysotile B at concentrations of 50 and 100 pg/
10Qells. This exposure pattern resulted in a 1.83-foldincrease in DNA
strand lesions of co-cultured BEAS-2B cells after a I-hour exposure
period. The maximum increase in the DNA strand lesions for cocultured BEAS-2B was observed after a 48-hour exposure period of
blood monocytes to chrysotile B (50 pg/106cells: 2.6-fold,100 pg/lO8
cells: 2.8-fold).(re1 = relative)
Figure 4. DNA (deoxyribonucleic acid) strand lesions determined

monocytes were exposed to chrysotile B at a concentration of 100 pg/106 cells. The DNA strand lesions of cocultured BEAS-2B were determined after a 3-hour exposure period (figure 5a) or a 48-hour exposure period
(figure 5b). The induction of DNA strand lesions for cocultured BEAS-2B was almost completely inhibited
(85%) after the addition of catalase (P<0.05). Desferoxamine caused an 80% decrease in the DNA strand lesions
of the co-cultured BEAS-2B (P<0.01). The addition of
ascorbic acid induced a 35% decrease in the DNA strand
lesions of the co-cultured BEAS-2B cells (P<0.05).
The vitality of the co-cultured BEAS-2B cells was
assessed using the trypan blue exclusion method after 1,
3, 24, and 48 hours of exposure of blood monocytes to
chrysotile B at concentrations of 50 and 100 pg/106 cells.
The maximum decrease in the trypan blue exclusion of
co-cultured BEAS-2B cells was recorded after the exposure of blood monocytes to 100 pg chrysotile/106 cells
for an exposure period of 48 hours (17.5%, figure 6).

Discussion
monocytes to chrysotile B [50 pg/106 cells: 2.6-fold, 100
pg/106 cells: 2.8-fold (P<0.05)].

Determination of deoxyribonucleic acid strand lesions
in co-cultured BEAS-29 cells after chrysotile B
exposure and treatment with antioxidants of blood
monocytes
The antioxidants catalase (200 U/ml), desferoxamine
(100 pM), and ascorbic acid (100 pM) were added to the
respective culture medium and the co-cultured blood

The alveolar space and intersitium of the lower respiratory tract is populated with inflammatory cells, which
come into close contact with asbestos fibers. Most of
these cells are alveolar macrophages, which play an important role in pulmonary defense mechanisms (24). Typical for these cells are inducible reactive oxygen intermediates, which serve as a parameter of cell activity. The
release of reactive oxygen intermediates is associated
with a "respiratory burst", mediated by the reduced

Figure 5. DNA (deoxyribonucleicacid) strand lesions in co-cultured BEAS-2B cells after chrysotile B exposure following the treatment of blood

monocytes with antioxidants. Catalase (200 Ulml),ascorbic acid (100 pM), or desferoxamine (100 pM) was added to the culture media, and the
co-cultured blood monocytes were exposed to chrysotile B at a concentration of 100 pg/106cells for 3 hours (figure 5a) or 48 hours (figure 5b).
A maximum inhibition by 85%on the induction of DNA strand lesions of co-cultured BEAS-25 after a 3-hour exposure period was observed after
the addition of catalase. The addition of ascorbic acid induced a 35% decrease in the DNA strand lesions of co-cultured BEAS-213 cells when
compared with the results of the positive control. Similar reaction patterns were observed after 48 hours of chrysotile B exposure. (re1 = relative)
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nicotinamide-adenine dinucleotide phosphate (NADPH)
oxidase system (25). These highly reactive molecules include superoxide anions (OF), hydrogen peroxide (H,O,),
hydroxyl radicals (HO-), and hypochloric acid (HOCL),
each of which is characterized by a different chemistry
and cellular distribution (26, 27). In vivo alveolar macrophages are located in the mucous layer surrounding the
bronchial epithelial cells. The aim of this study was to
investigate whether the exaggerated release of reactive
oxygen intermediates of fiber-stimulated macrophages
induces DNA lesions in co-cultured epithelial cells.
Consideration of the in vivo situation of the distal
respiratory tract served as the basis for our investigations.
To model this in vivo situation in a co-culture model,
fiber-exposed blood monocytes, cells cytologically related to alveolar macrophages, were placed on a polycarbonate membrane located within a distance of 1 millimeter above the monolayer of the bronchial epithelial cell
line BEAS-2B. This in vitro system allowed selective exposure of blood monocytes to asbestos fibers. However,
contact of the co-cultured BEAS-2B cells with the fibers
was avoided because the latter were unable to penetrate
the membrane. A comparison between the asbestos concentration used in our in vitro model and the in vivo situation cannot readily be made as, to our knowledge, no
data are available on the ratio of asbestos fibers to alveolar macrophages in vivo. However, it is known that asbestos fibers cause an accumulation of alveolar macrophages in the vicinity of these fibers. Thus it can be assumed that the relationship between blood monocytes and
chrysotile B fibers in our in vitro system represents the
in vivo situation of normally ventilated areas in the lower respiratory tract of persons exposed to high concentrations of asbestos.
The results of this study show a maximum 3.2-fold
increase in the release of reactive oxygen intermediates
of blood monocytes after 30 minutes of exposure to chrysotile B. In addition, an up to 2.8-fold increase in the level of DNA strand lesions and alkali labile sites was determined in BEAS-2B cells after exposure of co-cultured
blood monocytes to chrysotile B at concentrations of 50
and 100 pg/106 cells for up to 48 hours. The induction of
DNA strand lesions in co-cultured BEAS-2B cells was
inhibited 85% (200 Ulml) by the addition of the antioxidant catalase, 80% (100 pM) by desferoxarnine, and 35%
(100 pM) by ascorbic acid.
The enhanced release of reactive oxygen intermediates observed in acute and chronic pulmonary diseases
may be a causal factor in the development of inflammatory mechanisms (25). In addition, our results demonstrate that DNA lesions in co-cultured epithelial cells are
caused by the release of reactive oxygen intermediates
of asbestos-exposed blood monocytes within an area of
up to 1 millimeter. The release of reactive oxygen intermediates may thus also contribute to the pathogenesis of

time [h]

Figure 6. Cytotoxity following chrysotile B exposure of blood mono-

cytes on co-cultured BEAS-26 when checked using the trypan blue
exclusion method after 1,3,24,and 48 hours of exposure at concentrations of 50 and 100 yg/106cells.The maximum decrease in trypan
blue exclusion of co-cultured BEAS-2B cells was detected after the
exposure of blood monocytes to 100 pg of chrysotile /10Qells for an
exposure period of 48 hours (17.47%).
malignant lung diseases associated with asbestos exposure. These data are supported by the results of previous
studies reporting that direct exposure of neutrophil granulocytes causes DNA damage in human and animal target cells. Similarly stimulated phagocytes are able to produce cytogenetic changes in mammalian cells (17). The
concept of a mechanism inducing the iron-catalyzed generation of reactive oxygen intermediates after the direct
contact of several cell types with asbestos resulting in
genotoxicity and cytotoxicity has been supported by the
results of various studies (28,29). The inflammatory and
mutagenic potential of the asbestos-dependent release of
reactive oxygen intermediates is due to the iron-mediated Fenton-reaction, which generates highly reactive hydroxyl radicals. This free radical is able to penetrate directly into the nucleus, and cause base alterations in the
DNA. However, the effect of genotoxic substances released by macrophages or monocytes in close contact
with asbestos fibers in the lungs of asbestos-exposed persons on the DNA of adjacent bronchial epithelial cells
(which may not be in direct contact with fibers) has not
yet been investigated.
The different types of DNA damage (DNA strand lesions) determined in this study, which used a modified
alkaline elution technique, include DNA single-strand
breaks, DNA double-strand breaks, and alkaline labile
sites. The latter represent DNA lesions that are converted to DNA strand breaks in the presence of an alkaline
pH. Alkali labile sites involve the loss of purine or pyrimidine bases from the sugar-phosphate backbone due to
the alkylation of purines, most frequently at the N7 position of guanine, and lead to a marked increase in the
lability of the N-glycosidic bond joining the base to the
sugar. If the loss of the respective bases is caused by the
Scand J Work Environ Health 2000, vol26, no I
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action of N-glycosidases, the result is the rapid removal
of some of the damaged bases (eg, oxidized bases) in the
cell (30). The resulting base-free sites are relatively stable under physiological conditions at a half-time of at
least 100 hours (31). Under conditions of alkaline elution (pH 12.6), these sites are, however, converted to
strand breaks within only a few hours, due to an alkalicatalyzed beta elimination of the 3'-phosphate. Direct
DNA single-strand breaks may be caused by several
mechanisms, including H-abstraction from deoxyribose
by reactive oxygen radicals, which labilize the sugarphosphate backbone. DNA double-strand breaks are relatively rare when compared with single-strand breaks. A
double-strand break can be defined as a pair of singlestrand breaks located opposed (or located in close proximity) on both strands of the double helix. Sina et a1 (32)
have evaluated the ability of the alkaline elution assay
to predict the carcinogenic potential of test substances.
Ninety-two percent of the tested substances shown to be
(genotoxic) carcinogens in animals induced DNA strand
lesions in rat hepatocytes detected by alkaline elution,
whereas 85% of the noncarcinogens were unable to induce DNA strand lesions. An increase in DNA strand
lesions is therefore associated (although not quantitatively) with carcinogenicity.
In summary, asbestos-exposed blood monocytes, cells
cytologically related to alveolar macrophages, release increased amounts of reactive oxygen intermediates. These
intermediates were shown to be able to induce DNA
strand lesions in co-cultured bronchial epithelial cells.
The lower respiratory tract is covered with epithelial
cells, which are frequently cells of origin of bronchial
carcinoma. These cells are located in close proximity to
alveolar macrophages. We conclude that asbestos-exposed monocytes or macrophages are able to induce
DNA strand lesions in adjacent bronchial epithelial cells
via the release of reactive oxygen intermediates. This
mechanism may contribute to the pathogenesis of apoptosis and oxidative lung carcinogenesis.
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