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In vitro Action of Silicogenic and Non-Silicogenic Dusts on Macrophage 
Metabolism." (28344) 

ROBERTO COMOLLI AND ANTONIO PERIN (Introduced by Guido Guidotti) 
Zstituto di Patologia Generale dell'Universitci, Milano, Ztaly 

Necrosis of silica laden lung macrophages 
is regarded as the first biological effect of 
inhaled silica particles in humans. Several 
in vitro investigations have shown that silica 
particles display a necrotic action on macro- 
phages( 1,2,3) and bring about an impair- 
ment of their metabolism(4). Furthermore, 
the action of silica on tissues appears in 
some way related to the surface structure of 
particles ( 5 )  , since pure crystalline forms of 
silica, like tridymite and cristobalite, are 
more toxic in vitro and fibrogenic in vivo 
than other silica forms like mineral quartz 
or amorphous (vitreous) silica( 1,6,7,8). 

The purpose of the present investigation 
was to gain information on the biochemical 
basis of silica action on macrophages. The 
effect of the engulfment of various forms of 
silica particles differing by surface structure 
on oxygen uptake, glycolysis and amino acid 
incorporation into protein has been investi- 
gated in macrophages harvested from the 
peritoneal cavity of the albino rat. Dusts 
tested were tridymite, tridymite coated with 
a layer of amorphous silica (silicic acid) and 
amorphous (vitreous) silica particles. The 
action of anthracite engulfment on macro- 
phages was also investigated for comparison. 

Materials and methods. The procedure for 
obtaining the peritoneal macrophages has 
been described (9). Endogenous oxygen up- 
take and anaerobic glycolysis (in presence 
of glucose 1.5 X 1V M) were measured at 
38 "C by conventional Warburg manometric 
techniques, with air as gas phase for aerobic 
and N2 95% + COZ 5 %  as gas phase for 
anaerobic conditions. Each flask contained, 
in a total volume of 3 ml saline solution(9), 
2.5 X lo7 cells, 2 mg dust (except for the 
controls) and in the incorporation experi- 
ments 1.0 pc (2.67 pmoles) of DL-Leucine- 
1-C14. Incorporation experiments were run 

munaute EuropCenne du Charbon et de 1'Acier. 
*Aided by grant from Haute AutoritC de la Com- 

in aerobic as well as in anaerobic conditions. 
For measurements of radioactivity, cell pro- 
tein was obtained and purified according to 
Rabinovitz et aZ.( 10) and plated as infinitely 
thin sample. Radioactivity was measured be- 
neath a mica window G.M. counter. Count- 
ing error was less than 3%. All data have 
been referred to mg nitrogen determined by 
nesslerization. Viability of cells during the 
incubation was determined at  various times 
with the nigrosin-staining method( 11). Par- 
ticle engulfment by cells during the incuba- 
tions was tested by phase-contrast micro- 
scopy. Dusts used and their characteristics 
are reported in Table I. Dusts were pre- 
pared by the Laboratorio di Mineralogia 
della Clinica del Lavoro 'L. Devoto' dell'- 
Universiti di Milano, Italy. 

Results. Mononuclear cells (macrophages) 
account for 85-90% of the total peritoneal 
cells, as microscopically checked ; other cells 
are small lymphocytes, eosinophils and mast 
cells. The percentage of cells found to en- 
gulf the particles increases rapidly during 
the first 45 minutes of incubation and reaches 
70% within 2 hours' incubation. 

Fig. 1 and 2 show the behavior of macro- 
phage viability of control and engulfing cells 
in aerobic and anaerobic conditions, as tested 
with the nigrosin-staining method. The pres- 
ence of silica dusts causes an impairment of 
macrophage viability shown by the increase 

TABLE I. Characteristics of Dust Particles. 

Tridymite .5-2.0 .75 
Amorphous (vitreous) .5-1.0 .75 

Tridymite coated with a .5-2.0 .75 
silica 

layer of amorphous 
silica (silieic acid) 

Anthracite .5-3.0 1.25 

2Nd3 

zNd2 
* Dvs = -, where d is diameter of a particle 

and N is number of particles having that diameter. 
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% 

l o 0 l  1 

S. 

A. 

A S .  
C.T. 

T. 

% 

' O 0 1  1 

I0i 
1. T. 

Control 42.4 42.8 44.3 46.4 34.8 37.5 38.4 42.6 34.9 40.2 35.2 42.1 29.0 35.6 
Tridymite 39.0 39.6 37.8 42.9 23.7 34.0 19.8 38.2 9.2 27.6 5.6 26.5 2.2 29.0 
Amorphous 40.6 41.2 38.3 40.3 33.9 37.4 32.4 37.9 30.0 38.1 27.1 38.3 18.1 29.2 

Coated 41.5 42.2 38.5 40.9 30.0 35.3 31.8 40.9 27.9 39.8 23.0 36.6 21.4 37.7 

Anthracite 42.2 42.8 36.1 38.0 34.3 38.2 33.6 40.5 33.2 40.0 27.9 36.4 26.0 36.0 

silica 

tridymite 

* Hours after addition of dusts. Dusts added 30 minutes after beginning of readings. 
t Minutes after beginning of readings. 
3 E = experimental values. 

C = values corrected for  cell viability. 
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TABLE 111. Anaerobic Glycolysis. Figures represent CO, output in pliters after every 30 minutes 
incubation per mg cell nitrogen. Values of a typical 'experiment are reported. 

7 2 ° F  
0-30 t 30-60 t 60-90t 90-120t 120-150t 

ES C§ ES C§ ES C§ ES C§ ES C§ 

Control 114.3 114.3 103.1 103.4 107.7 .109.0 99.1 101.2 99.3 102.5 
Tridymite 112.5 112.5 96.4 106.1 76.0 99.8 65.4 100.7 53.7 95.4 
Amorphous silica 110.8 110.8 106.3 107.4 98.7 101.3 88.4 92.8 78.7 84.4 
Coated tridymite 109.9 109.9 109.1 110.1 88.4 93.1 79.6 87.2 69.5 79.5 
Ant.hracite 109.5 109.5 115.7 116.3 109.3 113.2 105.1 111.1 94.3 102.3 

7 3  *- +*- 7 5 * -  
270-300t 300-330t 150-180t 180-210t 210-240t 240-270t 

ES C§ ES C§ E$ C$ Et C§ ES C§ ES C§ 

Control 92.1 96.1 88.7 93.1 86.5 91.7 83.3 89.3 76.7 83.0 69.9 76.4 
Tridymite 47.7 99.2 41.3 98.2 42.1 106.0 29.2 93.7 21.0 92.0 23.7 101.2 
Amorphoussilica 68.9 75.5 68.3 76.3 63.8 72.9 53.1 72.3 46.2 75.5 50.0 73.3 
Coated tridymite 66.7 79.6 63.0 78.1 60.2 78.0 54.7 74.7 43.7 72.4 44.9 78.2 
Anthracite 91.3 101.5 93.3 106.3 82.8 96.6 75.0 90.2 74.5 91.8 68.5 87.4 

~~~~ 

* Hours after addition of dusts. Dusts added 30 min. after beginning of readings. 
t Minutes after beginning of readings. 
4 E = experimental values. 
0 C = values corrected for cell viability. 

cubation, are given in Table 111, columns E. 
Also in this case the engulfment of silica 
dusts produces a progressive decrease of mac- 
rophage glycolysis, the effect being more pro- 
nounced in the presence of tridymite. How- 
ever, as shown for oxygen consumption, the 
inhibition of macrophage glycolysis disap- 
pears almost completely when the experimen- 
tal values of C a  output are referred to cells 
still viable a t  the various incubation times. 

Tables IV and V show the increments of 
labelled leucine incorporation into macro- 
phage protein, measured at  60-minute incu- 
bation intervals. Experimental (columns E)  
and calculated (columns C) values corrected 
for cell viability are reported. In control 
cells the rate of incorporation of labelled 
leucine into protein is higher in aerobic than 
in anaerobic conditions, according to previ- 
ous findings (9). In  aerobic conditions, tri- 
dymite strongly decreases the incorporation 
of leucine into protein. This inhibition occurs 
chiefly during the first hour of incubation 
and is not dependent on the decrease in 
number of viable cells. As compared to tri- 
dymite, coated tridymite and amorphous 
(vitreous) silica inhibit leucine incorporation 
into protein to a lesser extent. In anaerobic 

conditions the incorporation of labelled leu- 
cine into protein is markedly impaired by 
tridymite, although less so than in aerobiosis, 
in a way still not dependent on the decrease 
of the number of viable cells. The inhibitory 
action is lower with the other silica dusts. 

Anthracite induces a slight inhibitory ef- 
fect on the macrophage metabolism in aerobic 
conditions and a moderate stimulatory effect 
in anaerobiosis. 

Discussion. Observations here reported 
confirm that the engulfment of silica par- 
ticles by macrophages causes an impairment 
of their metabolism and viability. Among 
the silica dusts tested, tridymite, a crystal- 
line purified form of quartz highly fibrogenic 
in vivo, has the most profound effects in vitro 
in our experiments. This agrees well with 
the results reported by Marks and Nagel- 
schmidt (8). When tridymite is coated with 
a layer of amorphous silica (silicic acid) the 
metabolic impairment is much lower and re- 
sembles that caused by amorphous (vitreous) 
silica. This seems to indicate that the sur- 
face structure of the silica particle is related 
to the observed metabolic changes of macro- 
phage metabolism. Silicic acid released by 
the engulfed particles should not play a role 
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in determining the metabolic damage since 
it acts as a cellular poison only in a poly- 
meric form which does not seem to occur 
in living tissues( 1 2 ) ,  in spite of recent con- 
flicting results ( 13). 

The progressive inhibition of oxygen con- 
sumption and glycolysis found in macro- 
phages after the engulfment of tridymite 
and other silica dusts seems to be correlated 
with the decreasing number of viable cells 
during the incubation. Thus, we believe that 
these phenomena are the expression of cell 
death and that the specific locus at which 
silica exerts its toxic action is not at the 
level of these metabolic reactions. Indeed, a 
decrease of the oxygen uptake which clearly 
correlates with the number of viable cells 
occurs also in the presence of anthracite, a 
non-silicogenic dust ( 14). On the contrary, 
the inhibition of leucine incorporation into 
protein by crystalline silica dusts seems to 
depend neither on the decrease in number of 
viable cells nor on the impairment of energy- 
yielding reactions. Indeed, in the presence 
of tridymite aerobic and anaerobic incorpora- 
tion of leucine into protein is completely in- 
hibited at  the end of the first hour of incu- 
bation when oxygen uptake, glycolysis and 
cell viability are far from completely inhi- 
bi ted . 

These results suggest that crystalline silica 
dusts act primarily on protein synthesis, de- 
creasing their rate. This impairment coiild 
bring about a derangement of other metabo- 
lic activities of the macrophage which in turn 
might be followed by cell death. The persist- 
ence of oxidative and glycolytic reactions 
when the incorporation of labzlled leucine is 
inhibited shows that this inhibition cannot 
be explained on the ground of a decreased 
energy availability, unless uncoupling of 
oxidative phosphorylization occurs in aerobic 

conditions. 
Summary. The effect of the engulfment of 

crystalline and non-crystalline silica dusts 
and anthracite on oxygen uptake, glycolysis 
and amino acid incorporation into protein of 
rat peritoneal macrophages was studied. A 
marked inhibition of these processes occurs 
in presence of silica dusts, tridymite being 
the most effective. The effects on oxygen 
consumption and glycolysis but not on amino 
acid incorporation almost disappear when re- 
sults are correlated to the number of viable 
cells. Anthracite slightly stimulates macro- 
phage metabolism in anaerobic conditions. 
I t  is suggested that protein synthesis is the 
primary site a t  which silica particles exert 
their toxic action. 
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