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Cytotoxic Effect of Asbestos on
Macrophages in Different Activation
States
by Annette Wright,* K. Donaldson* and J. M. G. Davis*

The in vitro effects due to phagocytosis of asbestos by mouse peritoneal macrophages in various
stages of activation have been compared. The amphiboles proved relatively inert; chrysotile, however,
expressed a greater degree of cytotoxicity toward those populations of macrophages induced in vivo
with asbestos, than toward any of the other populations of cells. These results are compared with data
concerning the enzyme release from the different populations of macrophages following phagocytosis
of asbestos. The results indicate that those macrophages that have been exposed to a prior
stimulation of either amphibole or serpentine asbestos in vivo are particularly sensitive to exposure
to a second dose of a toxic fiber.

Introduction
The realization that the alveolar macrophage is

the first phagocytic cell in the lung to ingest inhaled
asbestos fibers prompted considerable research into
the direct effects of fibers on such cells in vitro.
Early studies (1, 2) have shown chrysotile to be more

toxic than crocidolite or amosite, a finding confirmed
by many research groups. Macrophage-activating
agents, such as zymosan, are known to initiate selec-
tive release of lysosomal enzymes (3). A study by
Davies et al. (4) demonstrated that mouse peritoneal
macrophages, upon phagocytosis of chrysotile in
vitro, showed a selective release of lysosomal en-

zymes in the absence of cell death. However,
Jaurand et al. (5) demonstrated an additional release
of lactate dehydrogenase, thus suggesting some loss
of viability, for alveolar macrophages exposed to
chrysotile in vitro. Studies by Hamilton and col-
leagues (6, 7) showed that macrophages exposed to
chrysotile in vitro and in vivo release greater quanti-
ties of the neutral protease plasminogen activator. In
addition, Miller (8) and Donaldson et al. (9) have
shown that asbestos-induced macrophages obtained
from either lung or peritoneal cavity possess an
altered surface morphology and increased number of
membrane receptors consistent with cell activation.
McGee and Myrvik (10) demonstrated that acti-
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vated macrophages are more readily injured upon
phagocytosis of toxic agents than resident cells.
Wright and Davis (11) showed that chrysotile-acti-
vated macrophages are more sensitive to the cyto-
toxic action of chrysotile in vitro than unstimulated
cells; in addition, Morgan and Allison (12) also sug-
gested that macrophages elicited by different bio-
chemical means may show a different response to a
further stimulus. The aim of this study was to inves-
tigate further the response of populations of macro-
phages in different stages of activation to the action
of asbestos in vitro, and enzyme release from these
cells was also compared.

Materials and Methods
Stimulation and Harvesting of Peritoneal
Exudate Cells (PEC)
Male CBA mice, 12 weeks old, were either un-

treated or injected intraperitoneally with one of the
following stimulating agents: 1 mL saline (Dulbecco's
A); 1 mL 10% protease peptone (Difco); 1.4 mg heat-
killed Corynebacterium parvum (Wellcome), a well-
known macrophage activating agent (13); 1 mL of
0.1% latex beads (0.81 ,) (Difco); 2.5 mg of UICC croci-
dolite, UICC amosite or UICC chrysotile suspended
in 1 mL saline.
Three days following injection, the mice were kill-

ed by ether overdose. The PEC were harvested by
peritoneal lavage and washed.
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Spreading Assay to Assess Degree of
Macrophage Activation
PECs (1 x 105) were cultured on 6 x 22 mm glass

coverslips in Ham's F10 medium (14) + 20% fetal
calf serum (FCS) at 370C. After precisely 1 hr, the
coverslips were washed vigorously to remove non-
adherent cells. The remaining adherent
macrophages were stained by May-Grunwald and
Giemsa stains. The relative degree of activation of
the population was expressed in terms of the per-
centage of cells completely spread. This means of
assessment has been shown to correlate with other
methods of activation measurement such as Fc re-
ceptor (9).

Culture and Treatment of PEC Populations
After harvesting, 1 x 106 PECs were cultured in

35 mm dishes in F10 + 20% FCS. After 1 hr, the
cells were washed with saline to remove nonadher-
ents. The resulting macrophage populations were
cultured in F10 + 20% FCS either untreated or
treated with 0.1% latex beads (0.81 ,), or 100l,g
UICC crocidolite, UICC amosite or UICC chrysotile
per plate.

Assessment of Phagocytic Ability of
Macrophages
The phagocytic ability of the macrophage popula-

tions was assessed microscopically after 24-hr cul-
ture with latex heads. A cell was termed phagocytic
if it contained more than three latex beads.

Assessment of Viability of Marcrophages
Viability of the cells was assessed, using Trypan

Blue exclusion, 24 hr following treatment with latex,
crocidolite, amosite or chrysotile.

Enzyme Assays
Lactate dehydrogenase (LDH) (15) and N-acetyl-p-

D-glucosaminidase (glucosaminidase) (16) levels were
assessed in both cells and culture medium after 24-hr
culture with crocidolite or chrysotile.

In Vitro Activation of Macrophages by
Lymphokine

Lymphokine, a known macrophage activating
agent, was produced according to the method of Laz-
dins et al. (17) by exposing mouse splenocytes to 10
,Mg/mL of Concanavalin A (Con A) in vitro for 24 hr.
Saline-induced macrophages were exposed to either
the resulting lymphokine or a Con A supplemented
control medium for 24 hr. The activated Con A con-
trol and untreated macrophages were then exposed

to UICC chrysotile for a further 24 hr and their via-
bilities assessed.

Statistical Analyses
The data from the spreading assay, macrophage

viability estimates and enzymes assays were exam-
ined by statistical analyses of variance, the within-ex-
perimental replication being used to provide esti-
mates of random variation.

Results
All of the populations of PECs were found to con-

tain 99% viable cells upon isolation from the groups
of treated mice. The relative degree of activRition of
the adherent macrophages, according to their ability
to spread on glass, is shown on Figure 1. A high de-
gree of activation was found in those populations in-
duced by asbestos and C. parvum, according to this
method of activation assessment; they did not differ
significantly in their ability to spread on glass. All of
the remaining populations showed a much lower abil-
ity to spread on glass, the protease peptone popula-
tion showing an increase over the unstimulated pop-
ulation (p < 0.05). ___ __

After 24-hr culture in vitro with latex heads, the
macrophage groups were all found to contain 95%
phagocytic and 95% viable cells following ingestion
of latex heads. The effect of 24-hr incubation with
chrysotile was very different from that of the other
two types of asbestos (Figs. 2 and 3). Crocidolite and
amosite proved noncytotoxic, and there were no sig-
nificant differences observed between the macro-
phage populations (p > 0.9 overall). Chrysotile, how-
ever, while exhibiting a low degree of cytotoxicity to-
wards the unstimulated and saline-induced popula-
tions, showed a slightly increased level of cytotoxic-
ity towards the C. parvum-induced cells. All three
types of asbestos-induced populations proved partic-
ularly susceptible to the cytotoxic action of chryso-
tile; viabilities of around 30% were obtained and no
significant differences were found among these three
populations. The populations of macrophages stimu-
lated in vitro by Con A or lymphokine did not show
an increased degree of susceptibility to the action of
chrysotile (Table 1).

Ingestion of crocidolite, compared to control,
stimulated an increased release of glucosaminidase
in all cell populations (p < 0.01). An even more con-
siderable release of this enzyme in all populations of
cells followed chrysotile ingestion (p < 0.01) (Figs. 4
and 5). The level of release of LDH was lower than
that observed for the glucosaminidase, although the
asbestos-induced populations released a greater
quantity of LDH than the unstimulated, saline and
C. parvum-induced populations (p < 0.025).
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FIGURE 1. Relative degree of activation of macrophage populations according to spreading assay. Calculated as % cells spread =

(number of cells spread/total number of cells counted) x 100. Results are means of at least three experiments SD.
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FIGURE 2. Percentage viability of macrophage populations after 24-hr exposure to asbestos in vitro. Treatment in vitro: O croci-
dolite; " amosite; E3 chrysotile. Macrophages unstimulated or stimulated with saline, protease peptone and C. parvum. Viabil-
ity calculated as % viability = (number of viable cells on treated plate/number of viable cells on control plate) x 100. Results
are means of at least three experiments + SD.
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FIGURE 3. Percentage viability of macrophage populations after 24-hr exposure to asbestos in vitro. Treatment in vitro: LI croci-
dolite; 0? amosite; g: chrysotile. Macrophages stimulated with latex and asbestos. Results are means of at least three experi-
ments ± SD.
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FIGURE 4. Enzyme release into medium after 24-hr exposure to asbestos. Enzyme: 1I LDH; glucosaminidase. Treated with: C =

control; Cr = crocidolite; Ch = chrysotile. Results are means of three experiments ± SE.
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FIGURE 5. Enzyme release into medium after

LDH; El glucosaminidase. Treated with: C
Results are means of three experiments.

Table 1. Percentage viability of in vitro activated macrophages
following 24-hr treatment with chrysotile.

In vitro treatment of % viability following
saline-induced macrophages ingestion of chrysotilea
Untreated control 67.2 + 7.0
Con A supplemented medium 69.5 ± 8.7
Lymphokine 69.8 ± 9.2

a % viability = (number of viable cells on chrysotile treated
plate/number of viable cells on control plate) x 100. Results
are means X of three experiments ± SD.

Discussion
Peritoneal macrophages can be obtained in a vari-

ety of states of activation possessing a variety of al-
tered properties (18). In general, activated macro-
phages are larger, have more granules, spread to a
greater extent on glass and have a greater capacity
to kill microorganisms and tumor cells than unstimu-
lated, resident cells (19). The degree of activation of
the macrophage can vary considerably, depending on
the nature of the stimulating agent; and this is illus-
trated in Figure 1 by using a single parameter for ac-
tivation assessment. Studies (6, 9) have shown that
intraperitoneal injection of asbestos can produce a
population of viable macrophages with characteris-

24-hr exposure to asbestos. Enzyme: 1W
= control; crocidolite; Ch = chrysotile.

tics consistent with cellular activation. In the present
study, crocidolite, amosite and chrysotile have all in-
duced intraperitoneal populations of cells both viable
and apparently activated to a degree similar to C.
parvum-induced macrophages.

All the populations of cells showed a similarly high
rate of phagocytosis, regardless of the activation
state, and no cell death was observed because of in-
gestion of nontoxic latex beads alone. The amphi-
boles displayed a similar level of low cytotoxicity to-
ward all types of macrophages (Figs. 2 and 3). These
cells, however, showed a diverse response to chryso-
tile. The nonstimulated and saline-induced macro-
phages appeared resistant to the cytotoxic action of
the dust, whereas the more activated populations
showed an increased susceptibility, the asbestos-
induced cells proving the most sensitive. These re-
sults agree with those of McGee and Myrvik (10), in
that activated macrophages tend to lose viability
more rapidly than nonstimulated cells upon phagocy-
tosis of a toxic agent. The cells activated by lympho-
kine in vitro (Fig. 4) did not display an increased sen-
sitivity to the action of chrysotile, thus suggesting
that macrophages activated in vivo probably possess
differing properties to those activated in vitro. It is
of interest to note that, while the amphiboles- croci-
dolite and amosite- appeared relatively inert in
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vitro, both types of fiber have the capacity in vivo to
induce macrophages that show a high sensitivity to
the action of a cytotoxic dust. This is not due simply
to an in vivo stimulating activity of particulate alone,
as latex-induced macrophages did not display a high
sensitivity to chrysotile.
The data regarding enzyme release from the mac-

rophages (Figs. 4 and 5) agree with the finding of
Hamilton (6), in that asbestos-induced macrophages
secreted a similar quantity of lysosomal enzyme into
the culture medium to that seen for the nonstimu-
lated cells. Phagocytosis of crocidolite induced a
slight release of glucosaminidase by all populations;
however, chrysotile stimulated a large release of en-
zyme similar to that seen in other reports (20). This
large release of lysosomal enzyme was not accompa-
nied by a corresponding release of cytoplasmic LDH
for unstimulated, saline and C. parvum-induced mac-
rophages. However, an increased release of LDH
was observed for the asbestos activated populations,
corresponding to the increased loss of viability illus-
trated in Figure 3.

In conclusion, this report illustrates that asbestos-
induced macrophages, upon phagocytosis of a second
dose of dust, do not respond in a manner similar to
that observed for other types of macrophage popula-
tions. This must be taken into consideration when
investigating the effect of inhaled particles on mac-
rophages in the lung. Such cells may already have
received prior stimulation by other toxic agents or
pathogens and also persistent exposure to different
dusts, rather than the single dose often used in the
in vitro situation.
The authors are grateful for the assistance of Mrs. G. M.

Brown and Mrs. J. Slight. Statistical analyses were carried out
by Mr. B. Miller and Miss H. Cowie. This work supported finan-
cially by the Asbestosis Research Council.

REFERENCES

1. Koshi, K., Hayashi, H., and Sakabe, H. Cell toxicity and he-
molytic action of asbestos dusts. Ind. Health 6:69-79 (1968).

2. Bey, E., and Harington, J. S. Cytotoxic effects of some min-
eral dusts on Syrian hamster peritoneal macrophages. J.
Exptl. Med. 133:1149-1169 (1971).

3. Weissmann, G. Dukor, P., and Zurier, R. B. Effect of cyclic
AMP on release of lysosomal enzymes from phagocytes.
Nature 231: 131-135 (1971).

4. Davies, P., Allison, A. C., Ackerman, J., Butterfield, A.,

and Williams, S. Asbestos induces selective release of ly-
sosomal enzymes from mononuclear phagocytes. Nature
251: 423-424 (1974).

5. Jaurand, M. C., Bignon, J., Gaudichet, A., Magne, L., and
Oblin, A. Biological effects of chrysotile after SO2 sorption.
2, Effects on alveolar macrophages and red blood cells.
Environ. Res. 17: 216-227 (1978).

6. Hamilton, J., Vassali, J. D., and Reich, E. Macrophage plas-
minogen activator: induction by asbestos is blocked by
anti-inflammatory steroids. J. Exptl. Med. 114: 1689-1694
(1976).

7. Hamilton, J. Macrophage stimulation and the inflamma-
tory response to asbestos. Environ. Health Perspect. 34:
69-74(1980).

8. Miller, K. Alterations in the surface-related phenomena of
alveolar macrophages following inhalation of crocidolite,
asbestos and quartz dusts. An overview. Environ. Res. 20:
162-182(1979).

9. Donaldson, K., Davis, J. M. G., and James K. Charac-
teristics of peritoneal macrophages induced by asbestos
injection. Environ. Res. 29: 414-424 (1982).

10. McGee, M. P. and Myrvik, Q. N. Phagocytosis-induced in-
jury of normal and activated alveolar macrophages. Infect.
and Immunity 26:910-915 (1979).

11. Wright, A., and Davis, J. M. G. The toxicity of asbestos to
macrophages in various activation states. Cell Biol. Intnl.
Rept. Suppl. A, 5: 56 (1981).

12. Morgan, D. M. L., and Allison, A. C. Effects of silica and as-
bestos on alveolar and peritoneal macrophages: A compar-
ative study. In: The In Vitro Effects of Mineral Dusts (R. C.
Brown, I. P. Gormley, M. Chamberlain and R. Davies,
Eds.), Academic Press, London, 1980, pp. 75-81.

13. Loose, L. D., Astry, C. L., and Megirian, R. Dose-depen-
dent macrophage stimulation by Corynebacterium par-
vum. J. Immunopharmacol. 2(3): 349-365 (1980).

14. Ham, R. G. An improved nutrient solution for diploid Chi-
nese hamster and human cells lines. Exptl. Cell Res. 29:515
(1963).

15. Wroblewski, F., and LaDue, J. S. Lactic dehydrogenase ac-
tivity in blood. Proc. Soc. Exptl. Biol. Med. 90: 210-213
(1955).

16. Woolen, J. W., Heyworth, R., and Walker, P.G. Testicular
N-acetyl-p-galactosaminidase. Biochem. J. 78: 111-116
(1961).

17. Lazdins, J. K., Kuhner, A. L., David, J. R., and Karnovsky,
M. L. Alteration of some functional and metabolic charac-
teristics of resident mouse peritoneal macrophages by
lymphoctye mediators. J. Exptl. Med. 148:746-758 (1978).

18. Fudenberg, H. H., Stites, D. P., Caldwell, J. L., and Wells,
J. V. Basic and Clinical Immunology, 2nd ed., Lange, Los
Altos, CA, 1978, p. 102.

19. Wing, E. J., and Remington, J. S. Cell-mediated immunity
and its roles in resistance to infection. West J. Med. 126(1):
14-31 (1977).

20. Davies, R., The effect of dusts on enzyme release from mac-
rophages. In: The In Vitro Effects of Mineral Dusts (R. C.
Brown, I. P. Gormley, M. Chamberlain and R. Davies,
Eds.), Academic Press, London, 1980, pp. 67-74.


