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Differential release of superoxide anions by
macrophages treated with long and short fibre
amosite asbestos is a consequence of differential
afnity for opsonin

I M Hill, P H Beswick, K Donaldson

Abstract
Objective-To investigate the ability of
short and long fibre samples of amosite
asbestos to stimulate superoxide produc-
tion in isolated rat alveolar macrophages,
and to determine how opsonisation with
rat immunoglobulin might modify this
response.
Methods-Macrophages were isolated
from rat lung by bronchoalveolar savage
and challenged with both opsonised and
non-opsonised long and short fibres of
amosite asbestos. Release of superoxide
anions was measured by the spectropho-
tometric reduction of cytochrome c, in
the presence and absence of superoxide
dismutase.
Results-Both long and short fibre sam-
ples of amosite asbestos without opsoni-
sation were ineffective in stimulating
isolated rat alveolar macrophages to
release superoxide anions in vitro. After
opsonisation with immunoglobulin, how-
ever, a dramatic enhancement of release
of superoxide anion was seen with long
fibres, but not short, which confirms the
importance of fibre length in mediating
biological effects. The increased biologi-
cal activity of the long fibre sample is
explained by increased binding of the
opsonin to the fibre surface as, at equal
mass, the long fibres bound threefold
more immunoglobulin than the short
fibres.
Conclusion-Opsonisation is an impor-
tant factor in modulation ofthe biological
activity of fibres at the cellular level.
Differences in binding of opsonin to sam-
ples of fibre previously considered to be
identical apart from length, suggest that
surface reactivity needs to be taken into
account when fibres are compared.
Binding of biological molecules, in vivo,
may thus be an important modifying fac-
tor in the pathological processes initiated
by fibres.
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The critical biochemical processes responsible
for derangement of lung tissue caused by
asbestos and other respirable fibres are still
not fully understood. The concept that reac-
tive oxygen species may underlie the patho-
genesis of derangement has become the focus

of extensive research in recent years.' There
are two potential sources of oxidation; the
fibres themselves,2 and the reactive oxygen
species produced by inflammatory leucocytes
recruited to the sites of fibre deposition. Our
study focuses on the reactive oxygen species.

It is known that oxidants derived from
phagocytes play a critical part in the host's
defence but, accumulating evidence indicates
that damage caused by their inappropriate
release, can contribute to the development of
many types of lung disease.3 Various mecha-
nisms have been proposed by which fibres
may induce such production.67

It has been suggested that the release of
reactive oxygen species in response to long
fibres may be the result of frustrated phago-
cytosis on the part of the alveolar
macrophage8 or is a direct result of stimula-
tion ofNADH or NADPH oxidase when the
asbestos fibre interacts with the macrophage
cell membrane.4 Conversely, it may be an as
yet undefined combination of the two. Roney
and Holian have suggested that phospholipase
C is involved in activation of the protein
kinase C to stimulate generation of superox-
ide anions,7 and Kalla et al have also shown
that extracellular calcium prolongs this
release.9
Most of these studies have been carried out

with chrysotile and crocidolite asbestos fibres.
Both of these types of asbestos have been
shown to induce the production of superoxide
radicals from alveolar macrophages of the
hamster, rat,4 '0 guinea pig,79 and human."I
Long chrysotile fibres have been found to be
more effective than short fibres in eliciting
release of superoxide anions from rat alveolar
macrophages.5

Macrophages interact with their environ-
ment through the binding of molecules to
receptors on their external surface.'2 13 In gen-
eral, such interaction with a foreign particle
will lead to phagocytosis, but optimum inges-
tion is mediated by proteins derived from the
host, which coat the foreign material and
thereby increase its recognition by phago-
cytes. Various soluble components, present in
the bronchoalveolar space, have been shown
to be opsonic in this way, including
immunoglobulin (IgG). In the presence of
IgG, superoxide generation induced by
asbestos is significantly enhanced in macro-
phages of guinea pigs'4 and humans." 15

In phagocytosis mediated by opsonins, the
opsonins serve as a ligand, which can attach
the xenobiotic to its receptor on the phago-
cytic membrane. Binding of the ligand to
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Differential release of superoxide anions by macrophages treated with opsonised amosite asbestos

Figure 1 Size distribution
of short and long amosite
samples based on phase
contrast optical microscopy
of over 400fibres.
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receptors on the cell surface is thought to be
the recognition step that initiates phagocyto-
SiS.16 It has been proposed that cross linking of
cell surface Fc receptors by chrysotile asbestos
fibres opsonised by IgG could be the trigger
for such superoxide generation,14 as the super-

oxide anion is known to be released outside
the cell when phagocytosis of long fibres of
asbestos is attempted.'7

Only a few studies have included amosite
asbestos in their investigations and Roney and
Holian found that, in contrast to chrysotile
exposure, guinea pig macrophages did not
release superoxide when challenged with
amosite.7 Davis and coworkers showed a dif-
ference in pathogenicity between long and
short fibres of amosite.'8 The same fibre sam-

ples were used by Donaldson et al to show an

enhancement of inflammation dependent
upon fibre length'9 and greater cytokine secre-
tion by alveolar macrophages exposed to long
amosite fibres than to short fibres.20

It has been suggested that production of
oxidants by leucocytes may be important in
disease related to fibres, and that long and
short fibres are very different in pathogenicity.
The purpose of this study was to investigate
the ability of both long and short fibres of
amosite asbestos to stimulate production of
superoxide in rat alveolar macrophages, and
to determine how rat IgG might modify these
responses.

Materials and methods
Cytochrome c type III from horse heart,
superoxide dismutase (SOD) from bovine
erythrocytes, and rat IgG were from the
Sigma Chemicals, Poole, Dorset. Dulbecco's
phosphate buffered saline (PBS) was from
Gibco, Paisley, Renfrewshire and adjusted to
pH 7*4. All other chemicals were from BDH
Chemicals, Poole, England.
A stock solution of phorbol myristate

acetate (PMA) was prepared by addition of
0 5 ml of dimethyl sulphoxide (DMSO) to
1 mg of PMA and was frozen at - 70°C in
10 pl aliquots until required. This was diluted
1:200 with PBS immediately before use.

Similarly, 75 000 units of SOD was made up
to 1 ml with distilled water, aliquoted, and
stored as for the PMA. Rat IgG was prepared
at a concentration of 5 mg/ml and frozen at
-70°C in 100 p1 aliquots. The SOD was

added to reaction buffer at a concentration of
1 5 pl of SOD/ml of buffer for use in control

tubes. The reaction buffer was freshly pre-
pared with PBS, 1 mg/ml cytochrome c, and
2 mg/ml dextrose.

CELJLS
Male Wistar rats were killed by a 2 ml
intraperitoneal injection of sodium phenobar-
bitone (60 mg/ml), and the trachea was
exposed by blunt dissection. A small incision
was made between the cartilagenous rings,
and a blunt needle introduced and secured
with fishing line. The lungs were then dis-
sected free of the thoracic cavity and ravaged
with four 10 ml volumes of normal saline at
370C. After installation of the lavage fluid, the
lungs were massaged gently to increase the
yield of alveolar macrophages.
The isolated cells were centrifuged at

350 x g for 10 minutes at 40C and the cell pel-
lets resuspended in 1 ml of sterile PBS.
Viability was checked by trypan blue exclu-
sion and cell numbers were counted with an
improved Neubauer haemocytometer. Purity
was checked by prepared cytocentrifuge slides
stained with Diffquick (Merz Dade,
Switzerland).

FIBRES
The fibres used in this study were the long
and short fibre amosite samples described
extensively in previous publications.18-20
Figure 1 shows the length distribution. The
diameter distributions are virtually identical.
Due to the ball milling of the long fibre sample
to produce the short, there was extensive
comminution of fibres, such that only 37% of
the short sample by mass was classified as
fibre by the World Health Organisation
(WHO) classification of >5 ,um long, <3 ,um
diameter, and aspect ratio >3:1.

OPSONISATION OF FIBRES
The asbestos samples were mixed with PBS at
a concentration of 1 mg/ml, and 50 pul of rat
IgG (5 mg/ml) was added. The suspensions
were incubated for 30 minutes at 37°C with
constant rotation, and spin-washed three
times in PBS, at 900 g for 10 minutes. Naked
samples (without IgG) were taken through an
identical incubation and washing protocol.
Pellets were resuspended at stepped suspen-
sion concentrations from 125 pg to 20 mg/ml
for short fibre amosite, and from 15-6 ug to
5 mg/ml for the long fibre samples. All dust
samples were dispersed by passing the suspen-
sions 10 times through a 23 G needle attached
to a 20 ml syringe.

ASSAY OF SUPEROXIDE ANIONS
The method used was an adaptation of that
previously described.21 Cell suspensions were
diluted to yield 5 x 106 cells/ml. The assay was
carried out in duplicate with 3 ml tubes and
0-25 x 106 cells/tube. Either 15,ul of PMA or
100 pl of the naked or opsonised dust sus-
pension was used as a trigger for superoxide
production. Reaction buffer containing cyto-
chrome c was added to each tube to give a
final assay volume of 1-5 ml. Tubes with no
dust or PMA were also set up as a check for

u, =
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any endogenous superoxide production by
untriggered cells.
The tubes were incubated and shaken at

37°C in a water bath for one hour before cen-
trifugation at 900 g for five minutes to remove
particulates. (Optimum incubation times were
assessed by serial incubation studies from zero
to two hours; data not shown).
The supematant extinctions were deter-

mined at both 550 nm and 468 nm against a
PBS blank, and the difference in these read-
ings converted to concentration of superoxide
anions/million cells. An extinction coefficient
of 002 1 ,uM was used for cytochrome c.
The complete experimental run was also

carried out with tubes that contained the pre-
pared buffered SOD substituted for normal
reaction buffer. To correct for any reduction
of cytochrome c independent of superoxide

anions, superoxide production was assessed as
only the reduction in cytochrome c inhibitable
by SOD. This was measured by subtracting
the control results from those obtained from
the samples. Overall results are expressed as
nM of superoxide produced/million cells.

RADIOIODINATION OF PROTEIN
To investigate potential differences in the
adsorption of protein by both long and short
amosite fibres, the complete opsonisation pro-
cedure was repeated with '25I labelled IgG.
Rat immunoglobulin was iodinated with a
procedure previously described,22 and the
unbound 1251I separated from 12M-IgG conju-
gate by passing through a PD-i 0 column.

OPSONISATION OF DUSTS WITH 251-IgG
Dusts were mixed with PBS to a concentra-
tion of 1 mg/ml, and 0 5 ml of rat "51-IgG
(5 ,ug/ml) was added. The mixtures were
incubated for 30 minutes at 37°C with con-
stant rotation, and were spin-washed three
times in PBS, at 900 g for 10 minutes.
Opsonised dust pellets were resuspended at a
concentration of 5 mg/ml and 100 ,ul aliquots
were read in a gammacounter.

STATISTICAL ANALYSES
All experiments were repeated at least three
times under identical conditions. Results of
repeat experiments were analysed by analysis
of variance, with the general linear model in
the Minitab statistical computer program
(Minitab, 1989). Effects of treatment are
expressed as variance ratio (F) statistics, with P
values. Data for the binding of labelled IgG to
fibres, were log transformed before analysis.

Figure 2 Production ofsuperoxide anions by isolated rat alveolar macrophages treated
with naked shortfibre amosite asbestos or those opsonised by IgG. Results are shown
compared with background. Each bar represents the mean (SEM) of at least three separate
experiments with duplicate samples.

Results
The average production of superoxide by
unstimulated macrophages was 17 nMJmil-
lion cells; this was presumed to be a result of
stimulation by contact with the plastic assay
tubes. Stimulation by PMA generated an
average of 113-7 nM of superoxide/million
cells. The results are expressed as the mean of
duplicate tubes in at least three separate
experiments, with subtraction of the unstimu-
lated control values.

SHORT FIBRES
Figure 2 shows production of superoxide
anions by rat alveolar macrophages when
exposed to different doses of both naked
(unopsonised), and IgG-opsonised, short
fibre amosite asbestos. Macrophages chal-
lenged with naked fibres produced less super-
oxide than unstimulated cells (mean (SD) 6 5
(1 99) nM less than background production).
Opsonised fibres induced significant stimula-
tion (mean (SD) 4-1 (3A4) nM over back-
ground). The ANOVA showed a significant
effect of opsonisation: F = 71b83, P < 0-001.

Figure 3 Production ofsuperoxide anions by isolated rat alveolar macrophages treated
with naked longfibre amosite asbestos or those opsonised by IgG. Results are shown
compared with background. Each bar represents the mean (SEM) of three separate
experiments with duplicate samples.

LONG FIBRES
With long fibre amosite (fig 3), the magnitude
of the macrophage response was slightly sup-
pressed compared with a background of
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naked long fibres (mean (SD) 0O8 (2 45) nM
less than background). Opsonised long fibres,
however, produced a substantial stimulation
of superoxide release with a mean (SD) of
19-4 (8 46) nM more than background. The
ANOVA showed a significant effect of opsoni-
sation: F = 68-27, P < 0-001.
When fibre length was considered across all

experiments there was an evident and highly
significant effect, F= 14-34, P < 0-001 that
confirmed the increased stimulatory potential
of long fibre amosite.

Figure 4 shows the amount of radiolabelled
opsonin binding to the short and long fibre
samples. It is clear that the short fibres bound
much less opsonin than the long fibre sample:
F= 18-18, P < 0-001.

Discussion
Our study has shown that, in an unopsonised
state, neither long nor short fibres of amosite
asbestos were effective in stimulating rat alveo-
lar macrophages to release superoxide anions.
In fact, unopsonised short amosite seemed to
inhibit superoxide release, although this effect
was small. There was no obvious toxicity to
the alveolar macrophages with any treatment,
as assessed by the percentage of total cellular
lactate dehydrogenase released into the cul-
ture medium during incubation (data not
shown). This suggests that short amosite may
be capable of inhibiting the membrane
NADPH oxidase. This remains speculative,
however, and was not pursued.
The dramatic enhancement of release of

superoxide anions found when the long fibre
amosite was opsonised with IgG, confirmed
the greatly increased biological activity after
opsonisation, I 141520 presumably through an
increase in the second messenger system of
the macrophage induced by Fc receptors.20
Of the 13 dust treatments in the dose

response from unopsonised long amosite
fibres, five showed slight stimulation, two
showed virtually no effect, and six showed a
slight decrease in superoxide production. We
deduce from this that the unopsonised long
amosite had no net effect on superoxide
release.

Even opsonised short amosite consistently
provoked a modest oxidative burst. All data
were expressed as release of superoxide anions
per unit mass, as very little of the short
amosite was present as WHO defined fibres
(>5 ,um long, <3 ,um diameter with an aspect
ratio >3: 1).18 Our study confirms the impor-
tance of long fibres in the mediation of biolog-
ical effects, as the long fibres were
substantially more able to stimulate superox-
ide release than the short. It seems likely that
the activity that was present in the short fibre
sample was mediated by the few fibres that
were longer than 5 ,um.'8
One of the most distinctive aspects of the

biological effects induced by fibres is the dif-
ference that can be found both between dusts
and between different samples of the same
dust. Some studies indicate that the variations
in response reflect the physical characteristics

of the minerals involved, such as shape, diam-
eter, fibre length, or surface area,4 1823 whereas
others have implicated the surface charge or
chemical composition.'7 24-28
The increased biological activity of the long

fibre sample in this study could be explained
by increased binding of opsonic IgG to the
fibre surface as, at equal mass, the long fibre
asbestos bound threefold more IgG than the
short fibres. Earlier studies with these two
samples of amosite suggested that the short
fibres (obtained by ball milling the long fibres)
were identical elementally, crystallographi-
cally, and chemically to the long fibres. No
previous effort was made to compare the sur-
face reactivity of the two samples. Our study
has shown that the surface of the short fibres
is different from that of the long fibres in
terms of ability to bind the opsonin IgG.
Indeed, the short fibres might have been pre-
dicted to bind more protein than the long,
because of the increased surface area engen-
dered by the extra number of ends. The
process of ball milling could have contami-
nated the surface of the short fibre sample, or
exposed different crystal faces, which may dif-
fer from the surfaces of the long sample.

Previous work with this amosite has shown
increased pathogenicity,'8 inflammatory
potential,'9 and ability to cause release of
tumour necrosis factor,20 in the long fibre
sample compared with the short. Our study
suggests that an additional factor, surface
reactivity, could be important in mediating
the increased activity of the long fibre sample,
over and above its greater average length. Ball
milling is a process that might be expected to
cause changes in surface reactivity due to the
violent interaction between the fibres and the
components of the ball mill during the process
of milling. To obtain long and short amosite
samples that are similar, a less energetic
method would seem to be necessary.

Several groups have attempted to modify
the surface of asbestos fibres to alter their
bioactivity in vitro and, as fibres deposited in
the lung are immediately exposed to pul-
monary surfactant, the opsonins present in
alveolar lining fluid have attracted much
attention." 14 15 20 29 A normal component of

30 31 0-follung lining fluid, IgG, is increased 1 0-old
in rats exposed to chrysotile asbestos.'2 Our
study confirms that fibres that deposit in the
lung fluid will increase in ability to generate
reactive oxygen species, and to become more
pathogenic. Furthermore, deposition in the
lungs of people with existing inflammation
from any cause, could lead to more biologi-
cally active fibres, than deposition in the lungs
of normal people with normal concentrations
of pulmonary IgG.

Previous studies have shown that proteins
(including components of complement,33
immunoglobulin, and other globular pro-
teins34) bind to the surface of asbestos fibres.
There is evidence that there could be differ-
ences in the site of adsorption that lead to
competition between proteins for access to
binding sites when fibres are placed in a solu-
tion of different proteins.20 Further work is
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Figure 4 Binding of 125I
labelled IgG to samples of
short and longfibre
amosite asbestos. Bars
show mean (SEM) offour
separate experiments.
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required to investigate the lung lining fluid,
which is a complex mixture of protein and
lipid," to find the relative importance of
opsonisation in vivo.
No work was done to characterise the

mechanism of increased release of superox-
ides found in our study with opsonised long
fibre asbestos. We presume that the protein
kinase C system of the cell is involved, as
shown for other similar activities of opsonised
fibres, such as release of superoxide anions'4
and release of tumour necrosis factor. 2

In conclusion, our study has confirmed the
importance of opsonisation in modulating the
biological activity of fibres at the cellular level,
but it has also pointed out important differ-
ences in binding of a protein to samples of
fibres previously considered to be identical
apart from length. The differential binding
may explain the biological activity of the fibre.
This factor needs to be taken into account
when fibres are compared, as binding of bio-
logical molecules in vivo may be an important
modifying factor in the pathological processes
initiated by fibres.
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