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Synergistic effects of mineral fibres and cigarette
smoke on the production of tumour necrosis factor
by alveolar macrophages of rats
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Abstract
The objective of this study was to evaluate the
combined effects of mineral fibres and ciga-
rette smoke on the production of tumour
necrosis factor (TNF) by alveolar macro-
phages. Rats were exposed to cigarette smoke
in vivo, and production of TNF by alveolar
macrophages was measured in the presence-of
mineral fibres in vitro. For smoke exposure,
rats were divided into two groups. Five were
exposed to a daily concentration of 10 mglm3
of cigarette smoke for an eight hour period,
and five rats (controls) were not exposed to
smoke. Bronchoalveolar lavage was per-
formed after exposure to smoke and the
recovered alveolar macrophages were incu-
bated with either chrysotile or ceramic fibres
on a microplate for 24 hours. Activity of TNF
in the supernatant was determined by the L-
929 fibroblast cell bioassay. When alveolar
macrophages were not stimulated by mineral
fibres, production of TNF by rats exposed to
smoke and unexposed rats was essentially the
same. When alveolar macrophages were stim-
ulated in vitro by chrysotile or ceramic fibres,
production of TNF by alveolar macrophages
from rats exposed to smoke was higher than
that by alveolar macrophages from unexposed
rats. The findings suggest that cigarette
smoke and mineral fibres have a synergistic
effect on TNF production by alveolar
macrophages.
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Epidemiological and clinical studies' 2 have indicat-
ed that asbestos workers who smoked cigarettes
had a higher incidence of asbestos induced disease
than those who did not. It is generally accepted
that smoking is associated with a higher risk of car-
cinoma of the lung,' but its association with
asbestosis is controversial. Weiss2 reviewed 14
prevalence studies and seven cohort studies of
asbestos workers in which information on smoking
habits was available. Most showed a positive inter-
action between smoking and asbestos, suggesting
that smoking and asbestos act synergistically in the
development of fibrosis, but the mechanism of this
interaction is unknown.

Alveolar macrophages play a critical part in
pathogenesis of lung fibrosis. Early studies35 sug-
gested that phagocytosis of inhaled fibres at the
alveolar level caused the death of alveolar
macrophages, leading to the release of enzymes
that subsequently cause asbestosis. Some studies
suggested that cytoactivation occurs, resulting in a
stimulation of the immune system of the lung,
including the host defence system.6 These results
suggest that a network of signals from cells, espe-
cially alveolar macrophages, mediate cell to cell
interaction and that this signal network is involved
in normal lung homeostasis.7 Disturbances to this
network cause lung injury, which then leads to
fibrosis. Cytokines play key parts in signalling
among cells. Tumour necrosis factor (TNF), one
of these cytokines, has a regulatory effect on cells
and is involved in lung injury and fibrosis.7
Alterations in the production of this cytokine can
be an indicator of cytoactivation.
The effects of mineral fibres in the lungs, espe-

cially asbestos, have been widely studied. Recently,
various types of man made mineral fibres
(MMMFs) have been developed as substitutes for
asbestos, and the demand for these products has
been increasing. Some MMMFs are believed to
have the same adverse biological effects as asbestos
because of their similar physicochemical
properties.8
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The effects of cigarette smoke, and asbestos or
MMMFs, on cytoactivation in the lung have not
been investigated. To determine the combined
effect of the two agents on the production of TNF
by alveolar macrophages, we studied in vitro the
effects of mineral fibres on rat alveolar
macrophages that had been exposed to cigarette
smoke in vivo.

Materials and methods
FIBRES
The fibres used in this study were Canadian
chrysotile, (LAB chrysotile class 6, Quebec) and
alumina silicate ceramic fibres (Nippon Steel
Chemical Co, Japan). The samples were milled and
made into an aerosol in a chamber by means of a
dust generator. The resulting aerosol was processed
with a cascade impactor air sampler (Andersen

type, model AN-200, Shibata Scientific
Technology Ltd, Japan) to obtain respirable fibres.9
When processed in this way, both types of fibres
had a mass median aerodynamic diameter of about
3-1 aim.

For characterisation by scanning electron
microscopy, fibres were suspended in distilled
water and aliquots filtered through 0-22 j m milli-
pore membrane filters (Toyo Roshi LNC, CA).
Specimens were dried at a critical point, sputter
coated with platinum, and examined under a scan-
ning electron microscope (Hitachi S-700, Japan).

CIGARETTE SMOKE EXPOSURE SYSTEM
For administration of cigarette smoke, we used the
passive exposure system developed by Tanaka et al
(fig 1). This system maintained a constant concen-
tration of aged sidestream cigarette smoke aerosol
during exposure.10

9.
< - ~~~

1 Compressor
2 Flow meter
3 Vacuum pump
4 Exposure chamber
5 Filter sampler
6 Cigarette
7 Cage
8 Separator.
9 On-off valve
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11 Bubbling column
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Figure I Schematic diagram of the system for cigarette smoke exposure.
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EXPERIMENTAL DESIGN
Male (nine week old) Wistar rats (Kyudou Co,
Japan) were maintained in a chamber and observed
for four to five days before these experiments. Rats
were divided into a group exposed to smoke (n = 5)
and an unexposed (n = 5) group. The first were
housed in the exposure chamber and 40 cigarettes
were smoked for eight hours. The concentration of
cigarette smoke in the chamber was 10 mg/m3 as
measured gravimetrically from glass fibre filter sam-
ples. The concentration of CO was 79 ppm, which
is below the concentration that induces specific
biological effects. The chamber volume was 100 1

and the flow rate in the chamber was 50 /min.
After exposure, the animals were killed and free
cells recovered from the lung by bronchoalveolar
lavage.

BRONCHOALVEOLAR LAVAGE AND PREPARATION
OF SUPERNATANT FROM ALVEOLAR MACROPHAGES.
Each animal was anaesthetised by an intraperi-
toneal injection of phenobarbitone and killed by
exsanguination. The trachea was cannulated, and
the lungs lavaged with a total volume of 50 ml
saline in 6 to 8 ml aliquots. The bronchoalveolar
lavage fluid was then centrifuged (1200 g for 10
minutes) and the supernatant removed. The cell
pellet was resuspended in RPMI 1640 medium
(Whittaker MA Bioproducts, Walkersville, MD)
supplemented with 5% inactivated fetal bovine
serum (GIBCO Laboratories, Grand Island, NY).
Cells were counted in a haemacytometer chamber
and their viability determined by trypan blue exclu-
sion. The cell suspension was adjusted to a concen-
tration of 1 x 106 cells/ml. After the addition of
chrysotile or ceramic fibres to the suspensions, the
cells were cultured for 24 hours on cell culture
plates (Nunc, Kamstrup, Denmark). After incuba-
tion, the cell suspensions were centrifuged, and the
culture supernatant was stored at -40°C until
assayed for TNF.

ASSAY OF TNF
A modification of the cytotoxicity assay of Ruff and
Gifford'" was used to assay TNF activity. Briefly,
mouse L-929 fibroblast cells, which are particularly
sensitive to the cytotoxic activity of TNF, were
plated in 96 well microtitre plates at a concentra-
tion of 3 x 104 cells/0 1 ml RPMI and incubated
overnight at 37°C. The next day, serial dilutions of
the test supematant were added to the incubated
cells in the presence of 1-0 g/ml of actinomycin D
(Sigma Chemical Co, St. Louis, MO). The plates
were incubated for 18 hours at 37°C in an atmos-
phere of 5% CO, and then washed with saline.
Cells were stained for 10 minutes with 0-2% crystal

violet in a 20% methanol solution. The absorbance
of each well at 590 nm was determined with an
automatic microplate reader. One unit of TNF
activity was defined as the amount required to lyse
50% of the L,929 target cells.

STATISTICAL ANALYSIS
Data on TNF obtained in the present study were
assumed to be normally distributed. Values are
expressed as the mean (SEM). The difference
between means was evaluated with a t test for inde-
pendent groups.

Results
SCANNING ELECTRON MICROSCOPY OF MINERAL
FIBRES
Scanning electron microscopy revealed that the
ceramic fibres had an almost smooth surface and
were straight and columnar. The chrysotile asbestos
fibres had a rough surface, were curved, curly, or
even coiled three dimensionally and were split lon-
gitudinally (fig 2).

BRONCHOALVEOLAR LAVAGE
The viability of cells recovered by bronchoalveolar
lavage invariably exceeded 95% in both groups. A
significantly greater number of total cells were
recovered from rats exposed to smoke compared
with unexposed rats. There were no significant dif-
ferences in differential cell counts for the two
groups. Alveolar macrophages accounted for
>97% of the cells in both groups (fig 3).

PRODUCTION OF TNF BY ALVEOLAR MACROPHAGES
When alveolar macrophages were not stimulated by
mineral fibres, the production of TNF in unex-
posed rats and rats exposed to smoke was essential-
ly the same. Stimulation of alveolar macrophages
with chrysotile significantly increased production of
TNF and this was greater in smoke exposed than in
unexposed rats (fig 4). When alveolar macrophages
were stimulated by ceramic fibres, the difference
was not significant.

Chrysotile produced concentration dependent
increases in TNF production (fig 5). When alveolar
macrophages were stimulated by 50 or 100 gg/ml,
TNF production in the rats exposed to smoke was
significantly greater than in the unexposed rats.

Production ofTNF in the rats exposed to smoke
exceeded than in unexposed rats with all concentra-
tions of ceramic fibres, but differences between the
groups were not statistically significant (fig 6).
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Figure 2 Scanning electron micrographs of mineralfibres: (A) chrysotile, (B) ceramzc fibre (magnification x 4000).

*

II

I
Discussion
Mcfadden et al 12 have reported that the combined
effect of cigarette smoke and mineral fibres largely
depends on disturbances in clearance of asbestos
related to the effects of cigarette smoke. The study
showed that in guinea pigs exposed to cigarette
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Fig 3 Total cell count and differential cell counts in bron-
choalveolar lavagefluidfrom smoke exposed and unexposed
groups. Values are mean (SEM). *p < 0 01.
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Fig 4 The effects of mineralfibres and cigarette smoke on
TNF production by alveolar macrophages Values are mean
(SEM). *p < 0-05.
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smoke after instillation of asbestos, the clearance of
asbestos fibres from the lung was impaired. This
finding suggests that smoling increases the risk of
pulmonary asbestosis because it interferes with the
clearance of asbestos fibres and therefore increases
the effective fibre dose retained in the lungs.
Whereas some workers exposed to low amounts

of asbestos develop the disorder, not all workers
exposed to high amounts of asbestos are affected by
asbestosis. Extrinsic factors, such as the retention
of fibres in the lung, do not seem to explain the
interaction between smoke and asbestos.
Therefore, intrinsic factors including the host
defence system, are believed to be responsible for
differences in susceptibility.

Alveolar macrophages provide the principal
defence against inhaled particulate materials in the
lungs and play a primary part in mediating the
inflammatory response.6 There is support for the
view that asbestosis is the result of cellular injury
associated with the release of enzymes from dead
alveolar macrophages.25

Research on cytoactivation in the lung has sug-
gested that homeostasis in the lung6 is controlled by
a network of cell interactions and that alveolar
macrophages play a key part in this homeostasis
through signalling. Alveolar nmacrophages present
antigen and send signals to other cells, leading to
the production of activating factors, cell prolifera-
tion, and differentiation. An imbalance in signaling
cells could lead to fibrosis. Interleukin-I and TNF 6
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Fig 6 Concentration dependet stmulation ofTNF
production by ceramic fibres. Values are mean (SEM).

concentration are among the best indicators of
cytoactivation in fibrotic processes. Because TNF
has cytoregulatory effects, including the control of
cell proliferation, it affects and attracts neutrophils,7
which injure lung tissue by producing superoxides
and protease, and promoting fibroblasts.

Alveolar macrophages from an animal model of
asbestosis produced significantly greater amounts
of TNF than alveolar macrophages from controls,
suggesting that TNF is involved in the fibrotic
process.13 Dubois et al 14 showed that asbestos
induced production of TNF by alveolar macro-
phages in vitro. Our findings, showing that both
chrysotile and ceramic fibres stimulated TNF pro-
duction by alveolar macrophages, are consistent
with the results of other studies.

Results of studies investigating the stimulation of
production of interleukin-I by cigarette smoke are
conflicting. Smoking has been found to both
induce15 and reduce interleukin-l production.16 We
found that cigarette smoke alone did not stimulate
production of TNF. When alveolar macrophages
exposed to smoke were incubated with mineral
fibres, however, the effects of the cigarette smoke
enhanced the fibre-stimulated production of TNF.
Both the ceramic and the chrysotile fibres tended to
increase TNF production by alveolar macrophages
in the smoke exposed and unexposed rats. Jackson
et al 17 reported that cigarette smoke and asbestos
increased DNA damage synergistically and suggest-
ed thatibis synergism may involve -OH production.
Our results confirm these findings because TNF
promotes superoxide production.6

It is not clear why cigarette smoke enhances the
production of TNF in the presence of mineral
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fibres. Cigarette smoke has been found to affect
alveolar macrophages by causing morphological
changes,18 release of lactate dehydrogenase, and
lysosomal enzymes,'9 and the production of super-

oxides.20 Therefore, cigarette smoke causes activa-
tion of alveolar macrophages setting the stage for
fibre-stimulated TNF production. Thus cigarette
smoke may have a priming effect on mineral fibres.
We found increased numbers of alveolar macro-

phages in association with exposure to cigarette
smoke, suggesting that smoke activates the func-
tions of alveolar macrophages. Studies in humans2'
showed a significant increase in total cell count in
bronchoalveolar lavage fluid from cigarette smokers
and Matulionis22 reported that the inhalation of
tobacco smoke by rats elicited a specific pulmonary
recruitment of alveolar macrophages that had
recently synthesised DNA.

Production of TNF differed significantly be-
tween treatments with chrysotile and ceramic
fibres. Chrysotile stimulated greater TNF produc-
tion by alveolar macrophages in both the group

exposed to smoke and the unexposed group com-

pared with ceramic fibres. This finding could be
related to differences in the physical and chemical
properties of the mineral fibres. Chrysotile pos-

sesses strong cytotoxic properties that are related to
its surface charge, magnesium content,2' and crys-

talline silica content.24 On the other hand ceramic
fibres, which have an amorphous structure, have
few cytotoxic factors. Furthermore, scanning elec-
tron microscopy revealed surface differences
between the chrysotile and ceramic fibres.
Chrysotile fibres have a rough surface and tend to
split longitudinally, whereas ceramic fibres have a

smooth surface and a columnar shape. Chrysotile's
surface properties may lead to a greater stimulation
of alveolar macrophages because the fibres are able
to make contact with the cell surface or the cyto-
plasm.
Our results showed that cigarette smoke and

mineral fibres had a synergistic effect on the pro-

duction of TNF by alveolar macrophages, support-
ing the epidemiological evidence that an interaction
between smoking and exposure to asbestos affects
the incidence of lung fibrosis.
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