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On the defensive action of glutamate against the
cytotoxicity and fibrogenicity of quartz dust
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ABSTRACT The cytotoxic action of quartz (DQ12) particles on cultures of rat peritoneal macro-

phages, as estimated by the inhibition of the TTC-reductase activity, is considerably reduced by
preincubation with glutamic acid and by adding sodium glutamate (15 mg/ml) to the drinking water
of the rats donating the macrophages. This increase in macrophage resistance under the influence of
glutamate is the most probable cause of the delay in the development of silicotic fibrosis shown in
several experiments on rats intratracheally injected with quartz and then treated by prolonged
administration of glutamate. This effect is probably connected with the influence of glutamate on the
stability of the macrophage membranes, which can in its turn be explained by different mechanisms,
including the influence on the synthesis and phosphorylation of adenosine nucleotides. Such an

influence was shown in rats receiving glutamate by the change of the ATP/ADP ratio in macro-

phages, but not in erythrocytes. The resistance of rat erythrocytes to the haemolytic action of quartz
is also not influenced by the action of glutamate neither in vitro nor in vivo. Such differences in the
influences of glutamate on two types of cells, equally susceptible to quartz cytotoxicity but considerably
differing in the character of energy metabolism, is an indirect proof of the role of the latter in the
realisation of the anticytotoxic, and thereby antifibrogenic, effect of glutamate.

It is known that the high fibrogenicity of silica dusts
is connected with their high cytotoxicity for macro-
phages whose breakdown is accompanied by the
formation of some factor that stimulates the synthesis
of collagen and interferes with the normal inter-
action between macrophages and fibroblasts that
plays an important part in the regulation of
fibrogenesis.1-6 It is not by chance that the first
encouraging successes in the experimental treatment
and prophylaxis of silicosis were obtained 20 years
ago with polyvinylpyridine-N-oxide7-9 and later also
with other nitrogen-containing polymer com-
pounds,10-15 whose mechanism of action is connected
with the defence of macrophage from the cyto-
toxicity of silica particles. The key role of this cell in
the elimination of dust particles from the alveolar
region makes its protection from damage a most
important factor in the prophylaxis of silicosis. In
fact, polyvinylpyridine-N-oxide stimulates the elimi-
nation of quartz dust from the lungs and decreases its
retention and penetration.8 9

Nevertheless, the possibilities of the therapeutic,
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Accepted 13 July 1981

let alone the prophylactic, application of similar
preparations are conisiderably limited by their
prolonged retention in the organism, and doubts as
to their harmlessness. Data on the possible carcino-
genic effects of polyvinylpyridine-N-oxidel6 cause
some anxiety. Therefore, despite the fact that our
laboratory (as seen from the references above)
continues the search for highly effective, but less
toxic, antisilicotic nitrogen containing polymers, it
was but natural to develop research directed at the
same link in silicosis pathogenesis but with the use of
more physiological means of increasing macrophage
resistance to silica cytotoxicity. These studies17-'9
were most successful in experiments with glutamate,
and we summarise the main results.

Methods

The cytotoxic action of quartz dust was studied on
peritoneal exudate cells taken from rats 48-65 h after
the intraperitoneal injection of sterile vaseline oil.
Macrophages constituted not less than 84% of these
cells and hereafter we refer to these cell cultures as
"peritoneal macrophages" (PM). The degree of
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On the defensive action ofglutamate against the cytotoxicity and fibrogenicity ofquartz dust

inhibition of reductase activity in a test with 2,3,5-
tripheniltetrasodium chloride (TTC) was used as the
measure of PM damage by quartz in vitro. For that
purpose PM were twice washed in physiological
saline and resuspended in Tirode solution to a final
concentration of 3-5 x 106 cells per millilitre. One
millilitre of cell suspension or Tirode solution
(control) was introduced into each sample, together
with 1 ml of a standard quartz suspension (DQ12) in
the concentrations shown below. The procedure that
follows has been described elsewhere.20 The activity
of the TTC-reductase of cell cultures was expressed
as a percentage of the reductase activity of the control
culture.

In the first series of experiments PM were pre-
incubated at 37°C for one hour with glutamic acid
in concentrations of 25, 50, or 500 ,ug/ml of Tirode
solution, after which they were separated by centri-
fuging and resuspended to the concentration shown
above. Different doses of quartz dust were tested:
1 0; 2-0; and 5-0 mg per sample. In this series of
experiments we used PM from two rats in a common
pool and conducted five experiments with each
concentration of glutamate and each quartz dose.

In the second series of experiments we studied PM
from individual rats, the TTC-test being performed
with the 2-mg quartz dose.
The peritoneal exudate for the study was obtained

twice: before the experiment and after a given period
during which sodium glutamate solution in a con-
centration 15 mg/ml (as glutamic acid) was adminis-
tered in the drinking water. Taking into consideration
the daily water consumption, this corresponded
roughly to 100 mg per 200-g rat. After one, two, and
four months we studied the PM of 10 rats that had
received glutamate and 10 control rats. The blood of
rats killed by decapitation one and two months after
the beginning of the experiment was used to estimate
the susceptibility of erythrocytes to the haemolytic
action of quartz.21
For that purpose 2 ml of blood mixed with 1 ml of

2% solution of sodium citrate were centrifuged. The
deposited cells were washed three times in Tirode
solution and brought to a final concentration of
4 x 105 erythrocytes per millilitre. One millilitre of
Tirode solution (control) or 1 ml of quartz (DQ12)
suspension in the same solution in concentrations of
l 0, 20, or 5 0 mg/ml and 1 ml of erythrocyte
suspension were introduced in each sample. The
samples were placed for one hour in a water bath at
37°C and constantly shaken. Subsequently they were
centrifuged for five minutes at 1000 rpm. The optical
density of the supernatant, which was determined by
a photoelectrocolorimeter with a green filter, was
used as an indicator of the degree of haemolysis
expressed in percentage relative to full haemolysis

caused by an addition of 2-5 mg of saponine per 1 ml
of erythrocyte suspension. The index of haemolysis
for the control sample was deducted from the index
of "quartz" haemolysis.

In the series of preliminary experiments an ana-
logous haemolytic test was performed using only
erythrocytes of animals that did not receive gluta-
mate. Before haemolysis, however, the erythrocytes
were incubated for one hour at 37°C with glutamic
acid in concentrations of 25 or 50 ,ug/ml, which was
later washed away. The erythrocytes were then re-
suspended to the above-mentioned cell concentra-
tion. All these manipulations were conducted
simultaneously with control cell suspension pre-
incubated in Tirode solution; the study was per-
formed on rat and chicken erythrocytes.
The adenosine nucleotide content of PM at the

beginning of the experiment and in PM and erythro-
cytes at the end of a two-month period was studied
in the series of experiments on the comparative
resistance of macrophages obtained from control
rats and rats receiving glutamate solution by means
of a low-voltage paper electrophoresis.22In the second
term of this experiment one sample ofPM from every
rat was incubated for one hour at 37°C with 2 mg
of quartz dust per ml and control sample with
Tirode solution. An additional experiment studied
the effects on the adenosine nucleotide content of
Wistar rat PM of incubation for one hour with
syngenetic PM previously broken down by repeated
freezing-thawing. The technique of obtaining such
"macrophage breakdown products" has been
described.23 Their number in this experiment
corresponded to 3-0 x 106 broken down cells per
3-5 x 106 viable PM. We also studied the influence
of incubation with glutamate in vitro (50 ,ug/ml) on
the adenosine nucleotide content of rat and chicken
erythrocytes.
To estimate the antisilicotic effect of glutamate we

induced silicosis in rats by the intratracheal injection
of 50 mg of quartz dust. A ground quartzite rock
containing 92% quartz was used in these experi-
ments. Some of the animals received sodium gluta-
mate solution in their water in the concentration
noted above. Some eight to 10 rats exposed to dust
and drinking glutamate, exposed only to dust, and
controls were killed after two and six months to study
the histomorphology of the lungs and tracheo-
bronchial lymph nodes and to determine the weight
and the total hydroxyproline24 and total lipid
concentrations25 of the lung tissue.
An analogous experiment of six-months' duration

was performed with chrysotile asbestos dust. In the
next experiment the same indices of intensity of
developing silicosis were obtained in rats one month
after intratracheal injection of quartz dust, after
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Table l Influence ofpreincubation with glutamic acid
on the susceptibility of rat peritoneal macrophages to the
cytotoxic action ofquartz dust in vitro

Conditions of Quartz added* Activity of TTC-reductaset
preincubation Mean ± standard error

Control Yes 56 7 ± 30
Glutamic acid

25,ug/ml Yes 75-1 i 44
Glutamic acid
25 ,tg/ml No 104-1 ±40

Control Yes 59-6 2-5
Glutamic acid
50 tg/ml Yes 83-5± 49§

Glutamic acid
50 &g/m1 No 106 9 ± 59

Control Yes 45-7 2-4
Glutamic acid
500 ±g/ml Yes 74-7 7-4

Glutamic acid
500,g/ml No 79*7 5-2

*2-0 mg per 3-5 x 106 cells.
tPercentage of TTC-reductase activity in control cultures, not acted
on by glutamate or quartz (not included in table).
tDifference from culture exposed to quartz action without
glutamate defence, significant at p < 0 01 (Student's "t" test).
§Same at p < 0-001.

which time half of the surviving rats were given
glutamate solution instead of drinking water. Five
months later some seven to 13 rats of every group
(including controls) were killed to study the same
characteristics.

Results

The influence of glutamic acid on PM in vitro
statistically significantly reduced the cytotoxic
action of quartz irrespective of whether the TTC-
reductase activity ofPM not damaged by quartz was
slightly (and not statistically significantly) increased
or considerably decreased relative to the control
cells not incubated with glutamate or quartz (table
1). This latter effect was observed only at the greatest
concentration of glutamic acid and was, possibly,
connected with the pH shift of the medium. But even
with this unfavourable background the defence of
PM from quarLz cytotoxicity proved to be practically
complete. The concentration of 50 ,ug/ml, which
gave an effective defence effect against the quartz
cytotoxicity without an unfavourable influence on
the base level of reductase activity, may be considered
optimal.
The inhibition in TTC-reductase activity is dose

dependent in control PM cultures and in those
preincubated with glutamic acid (fig). The difference
between the dose-effect curves, however, increases
with the increase in quartz dose-that is, the defence
effect of glutamate is all the more pronounced the
more intensive the damaging influence. Graphic
determination of the dose of quartz corresponding
theoretically to 50% inhibition gives 2-8 mg for

2 i3 4 5 6 7 8
28 72

mg

Dependence of TTC-reductase activity of rat peritoneal
macrophages on the dose ofquartz dust after
preincubation with glutamic acid (upper line) and in
control medium (lower line). Horizontal axis shows
quartz dose in mg/3-5 x 106 cells. Vertical axis shows
TTC-reductase activity in percentage to activity of a
corresponding culture not exposed to quartz action.

control cultures and 7-2 mg for cultures preincubated
with glutamic acid.

In other words, the resistance of the cell to the
cytotoxic action of quartz as a result of pre-
incubation of PM with glutamic acid in 50 jug/ml
concentration is increased, on average, 2-6 times.
As seen from table 2, prolonged action of gluta-

mate in vivo also gives an increase of PM resistance
to the cytotoxic action of quartz in vitro. If, before
the administration of glutamate, quartz dust caused
equal inhibition of the TTC-reductase activity of
macrophages in rats of both groups, this inhibition
was always (statistically significantly) less pro-

Table 2 Influence of long-term drinking ofsodium
glutamate solution (15 mg/ml) on the susceptibility of
rat peritoneal macrophages to the cytotoxic action of
quartz dust* in vitro

Duration of Drink consumed Activity of TTC-reductase of
experiment macrophages incubated with

quartzt

Before By the end of
experiment experiment

I month Glutamate solution 454 ± 6-5 77 9 ± 4-4
Water 526± 49 587 ± 6-3

2 months Glutamate solution 49-3 7-2 81-9 ± 52
Water 47-4 6-2 557 4 6-0

4 months Glutamate solution Not determined 60-5 - 35
Water Not determined 387± 3 5

*2 mg per 3-5 x 10' cells.
tin percentage to TTC-reductase activity of peritoneal macrophages
of the same rat (not exposed to quartz action).
For each glutamate treatment the TTC-reductase activity indices
shown in last column differ significantly from those of rats drinking
water (p < 0-001).
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On the defensive action ofglutamate against the cytotoxicity andfibrogenicity ofquartz dust

nounced after one, two, or four months of drinking
glutamate solution than in the control group. By the
time of the last test, the PM resistance to the cyto-
toxic action of quartz proved to be lower than in
previous tests both for the experimental and the
control groups of rats, but even with this background
it was considerably higher for rats receiving gluta-
mate.
By contrast with PM, the resistance of rat erythro-

cytes to the haemolytic action of quartz was in-
fluenced by neither preincubation with glutamic acid
in vitro nor by its in-vivo action (tables 3 and 4). The
results of experiments with chicken erythrocytes in
which only the concentration of glutamic acid
optimal for PM (50,ug/ml) was studied are also given
in table 3. As may be seen from these results, the
haemolytic action on these erythrocytes of all the
quartz doses tested is to some degree reduced under
the influence of preincubation with glutamic acid.
Table 5 shows the changes in the ratio of adeno-

sinetriphosphate content to adenosinediphosphate
content in PM of rats receiving glutamate solution
or plain water for two months (adenosinemono-
phosphate was not discovered in this series). Basal
values of the ATP/ADP ratio in two groups were

similar. After two months, Ehe ratio was significantly

Table 3 Influence ofpreincubation with glutamic acid
on the susceptibility of erythrocytes to the haemolutic
action ofquartz

Species Conditions oJf % of haemolysis for a quartz dose per
preincubation 4 x 105 erythrocytes

I mg 2 mg 5 mg

Rat Control 27-7 2-9 49-7 2-3 78-4 1-4
Glutamic acid
25 ,g/ml 31-4 2 8 47-3 10 82-3 2-3

Glutamic acid
50 ,ug/ml 26-0 1-9 45-3 1-6 793 0-9

Chicken Control 18 3 0 7 32-6 17 45 3 2-5

Glutamic acid
50ig/rml 16-6 10 26-8 i 2-1* 404 1-6

*Difference from control is significant (p < 0 05).

Table 4 Influence of long-term drinking of sodium
glutamate solution (15 mg/ml) by rats on the
susceptibility of erythrocytes to haemolytic action of
quartz

Duration of Drink % of haemolysis br a quartz dose
experiment consumed per 4 x 105 erythrocytes

I mg 2 mg 5 mg

1 month Glutamate
solution - 282 4-1 -
Water 25-5 2-3

2 months Glutamate
solution 12 4 2-9 21-4 2-2 64-3 2-7
Water 12-5 1-8 24-8 2-7 67-0 22

Table 5 Influence of two months' drinking ofsodium
glutamate solution (15 mg/ml) by rats on adenosine
nucleotide content in peritoneal macrophages

Moment of Group of Quartz ADP + ATP/ADP
investigation rats action on ATP

PM in vitro (mMol per
106 cells)

Before start Experi- No 1-11 0-25 2-43 ± 034
of experi- mental
ment Control No 1 99 ± 041 2-36 0-27

By end of Experi- No 2-45 + 0.33* 4-63 ± 045*
experiment mental Yes 3-82 0-42t 5-60 0-58

Control No 2-93 ± 039 3-47 ± 035*
Yes 4-13 0-50t 5-24 0-57t

*Difference from corresponding original index is significant
(p < 0 05).
tDifference from corresponding index for cultures not exposed to
quartz is significant (p < 0 05).

increased by comparison with the starting level in
both the experimental and control groups, but was
higher in the former (t = 203, p 0 05).

After exposure to quartz dust the values of the
ATP/ADP ratio are similar in both groups, being
higher than in the absence of such exposure. In the
control group, however, the difference from PM not
exposed to quartz in vitro is statistically significant
and rather high (15 times); in the group of rats
receiving glutamate the effect of quartz is less pro-
nounced (12 times) and statistically not significant.
Under the influence of contact with quartz the total
adenosine nucleotide content in PM was also
statistically significantly increased, roughly in equal
degree in both groups (1-4 and 1 5 times respectively).
As seen from table 6, preincubation of PM with

macrophage breakdown products causes effects
similar in principle to the effects of quartz: a statis-
tically significant and rather pronounced increase in
ADP + ATP content (1 7 times) while the increase
of ATP/ADP ratio is moderate (1-3 times) and not
significant. ADP and ATP were not discovered in
macrophage breakdown products.
No change in the total content of adenosine

nucleotides or in the ADP/ATP ratio in rat erythro-
cytes under the influence of glutamate in vivo was
observed. After a 60-minute incubation of rat
erythrocyte suspension with glutamate in a con-
centration of 50,tg/ml, the content of ATP increased

Table 6 Influence of incubation with syngenetic
macrophage breakdown products (MBP) on adenosine
nucleotide content in rat peritoneal macrophages

Conditions of ADP t ATP (10-3 Mol A TP/ADP
preincubation per 106 cells)

Without MBP 501 ± 0-68 3 12 ± 0-35
With MBP 8-76 ± 1-30* 3-94 + 0 73

*Difference from index obtained without MBP influence is
significant (p < 005).
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Morosova, Aronova, Katsnelson, Velichkovski, Genkin, Elnichnykh, and Privalov4
Table 7 Influence of long-term drinking of sodium glutamate solution (15 mg/ml) on some quantitative indices of the intensit.
of the development ofpneumoconiosis in rats after intratracheal injection of dust

No of experiment Dust injected and conditions of Time after Group of rats Absolute indices
experiment injection

Dry weight of lungs Wet weight of lymph
(mg) nodes (mg)

Quartz; glutamate treatment 2 months Control 215 6 ± 12-6 95 4 ± 9-6
throughout experiment Exposed to dust 765-9 ± 29-0* 348-2 ± 37-2*

Exposed to dust, receiving
glutamate 659 0 ± 17-8* 258 8 ± 33-3*

6 months Control 259 3 ± 129 125-2 7-7
Exposed to dust 948-3 65-1* 554 7 36-4*
Exposed to dust, receiving
glutamate 784-5 27-7*t -

2 Chrysotile-asbestos; same 6 months Control 289-6 14-9 77-8 10-7
conditions Exposed to dust 425-0 ± 18-4* 129 2 + 11-4

Exposed to dust, receiving
glutamate 391-6 ± 38-7 111-7 14-5

3 Quartz; glutamate treatment 1 month Control 242-6 ± 14-3 92-2 ± 111
beginning from 2nd month of Exposed to dust 659-7 ± 28-8* 248-3 ± 21.8*
experiment 6 months Control 376-7 ± 18 9 82 3 ± 5-9

Exposed to dust 1053-2 ± 24-6* 407 3 ± 37-7*
Exposed to dust, receiving
glutamate 992-8 ± 46-5* -

*Difference from control group is significant (p < 0 05).
tDifference from group exposed to dust and not receiving glutamate is significant (p < 0 05).

somewhat as did the value of the ATP/ADP ratio
compared with controls; these differences were not
statistically significant. The ATP/ADP ratio for
chicken erythrocyte suspension rose under the
influence of incubation with glutamate in the same
concentration from 3-10 ± 0-26 to 650 ± 1-15
(p < 0 05).
The development of the morphological picture of

experimental silicosis in rats injected intratracheally
with quartz dust without any subsequent treatment
was characterised by the formation of typical
nodules which, by the sixth month, reached the third
to fourth stage of fibrosis according to the King and
Belt classification.26 This process was reflected by a
progressive increase in the weight of the lungs and
lymph nodes and of the hydroxyproline and lipid
content (table 7, experiment 1). On the other
hand, the animals treated with glutamate during the
time of observation generally developed silicotic
nodules only of the second stage, and the values of
all above-mentioned indices two and six months after
exposure to dust were lower than in animals not
receiving glutamate. This difference is statistically
significant for the dry weight of the lungs and the
hydroxyproline content. As seen from table 7 (experi-
ment 2), the fibrogenic action of asbestos dust is
weaker than that of quartz. The former, however,
was also noticeably reduced by the administration of
glutamate.

In the third intratracheal experiment glutamate
treatment was started after the development of
typical silicotic changes in the lungs a month after the
injection of quartz (table 7). During the next five

months these shifts progressed in both groups, but
to a lesser degree in rats receiving glutamate, so that
by the end of this time the lungs of untreated rats
showed silicotic nodules reaching the third to fourth
stage of fibrosis, some of them of large size and
forming conglomerates; glutamate-treated rats had
only separated nodules of stage I or 2. The lung
weight, hydroxyproline and total lipid content of the
treated animals were lower on average than in the
rats not receiving glutamate; in the most important
index hydroxyproline content this difference was
statistically significant.

In all three intratracheal experiments we calculated
the "corrected" values of the indices considered in
table 7, referring them to 100 g of body weight, to
eliminate the physiological variability depending on a
direct correlation of these indices with the body
weight. As seen from the table, this approach did not
change the character of the intergroup differences;
in some cases they became more statistically signifi-
cant.

Discussion

Glutamic acid and its amide (glutamine), being the
main collectors of non-protein nitrogen, play a key
part in supplying it for the synthesis of non-essential
amino-acids and through them of several biologically
active compounds. They also take part in ammonia
transfer, synthesis of purine bases and nucleic acids,
transamination, urea synthesis, and several other
metabolic transformations. Finally, glutamic acid is
closely connected with the energy metabolism of the
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solute indices

droxyproline content
lungs (JAg)

Lipid content in Dry weight of lungs
lungs (mg) (mg)

Wet weight of lymph
nodes (mg)

Hydroxyproline content Lipid content in lungs
in lungs (tsg) (mg)

3652 ± 225-9 27-9 ± 2-4 113-0 ± 6-6 50-6 ± 5-5 1917-0 ± 94-0 14-6 ± 1-3
8517 + 304-0* 178-9 ± 14 1* 398-0 ± 26-9* 175-0 ± 12-6* 4416-0 ± 319-0* 93-5 ± 11-2*

7831 i 358-8*t 154-0 ± 8-2* 303-0 ± 10-7*t 119-2 ± 16-2* 3549-0 ± 182.0*t 70-5 + 3-3*t
3572 i 179-0 29-4 ± 1-4 119-8 ± 5-9 57-7 ± 3-6 1651-0 ± 78-1 13-6 ± 0-7
13137 ± 1653-4* 180-2 ± 28-3* 418-3 ± 29-5* 243-0 ± 16-0* 5884-0 ± 836.0* 86-8 ± 12-4*

9284 ± 663-9*t 166-0 ± 16.0* 331-0 ± 14-5*t - 3739-0 ± 323-0*t 66-1 ± 6-9*
4801 ± 379-4 34-4 ± 1-4 167 7 ± 9 8 45 1 ± 6-3 2771-0 ± 150-0 19-9 ± 0-8
7678 ± 716-5* 47-4 ± 3-6 216-5 ± 9-5* 68-4 ± 5-0* 3910-0 ± 171-0* 24-5 ± 1-6*

6285 ± 365-7* 41-4 ± 2-1 191-2 ± 8-1 53-8 ± 8-9 3062-0 ± 190-0t 20-3 ± 1.1
3071 ± 217-8 23-7 ± 5-9 104-7 ± 5-5 39-7 ± 4-1 1308-0 ± 56-4 10-0 + 1-4
5290 i 498-4* 109 7 ± 7-3* 255-3 ± 29-2* 113-3 ± 15-2* 2399-0 ± 194-8* 49-4 ± 4-6*
5228 i 211-0 45-5 ± 4-3 110-3 + 4-9 23-9 ± 1-4 1536-0 ± 71-0 14-8 ± 1-5
14565 i 795-0* 251-7 ± 11-7* 390-2 ± 20-2* 150-2 ± 21-4* 5416-0 ± 501-0* 93-1 ± 3-9*

12591 ± 752-7*t 225-0 ± 17-7* 325-1 ± 14.3*t 129 6 + 9-4* 4512-0 + 291-0*t 69-5 ± 3-7*

cell, which it enters, taking part in most transamina-
tion processes, as well as via oxidative de-amination,
decarboxylation, and in other metabolic pathways.
The number of studies devoted to the biochemistry of
glutamate is enormous, and their review is beyond
the scope of this paper. Such a review may be found
in a monograph Glutamic acid27 published with the
participation of one of us.
The role of glutamate being so important and

diversified, it is not surprising that it finds wide
application in the treatment of different conditions
connected with secondary disturbances of inter-
mediary metabolism and, especially, with hypoxic
states. There are experimental data about the bene-
ficial action of glutamate on some intoxications as

well and, in particular, on its normalising effect on

the process of oxidative phosphorylation performed
by mitochondria and considerably disrupted by
carbon tetrachloride.28 The part that glutamate plays
in the phosphorylation of ADP into ATP and its
important role in cell membrane functioning allow
us to consider glutamate as an important factor in
their stabilisation. Meanwhile, functional and
ultrastructural damaging of plasmatic, phagoliso-
somal, and mitochondrial membranes is closely
connected with the primary mechanisms of the
breakdown of macrophage by a phagocytised silica
particle.29 30

These considerations were a starting point in
testing glutamate as a means of hampering the
development of experimental silicosis and asbestosis.
As seen from the results of the experiments in which
a prolonged glutamate treatment was tested on rats

injected with quartz or asbestos intratracheally, the
expected inhibition was observed. It is necessary to
note that it had been observed also in two additional
experimental series, the results of which were not
included in this paper for the sake of brevity, but
have been published elsewhere.'7 In one of these
series, glutamate was injected subcutaneously in
doses of 100 mg/100 g body weight five times a week
for two or five months into rats given quartz intra-
tracheally. We observed a retarded and weakened
development of silicosis compared with rats not
receiving glutamate, but this effect was much less
pronounced than in a subsequent experiment with its
peroral administration. Probably, the active inclusion
of glutamate in different metabolic processes leads to
quick utilisation of an injected dose, which makes it
less effective than a smaller dose of glutamate
gradually introduced into the organism through the
gut.

Meanwhile, one cannot exclude the possibility that
such "peak" loads of glutamate cause some un-

favourable influence on the development of silicosis
which partially hampers the favourable antisilicotic
effect. This hypothesis is supported by the results
obtained on a group of animals studied alongside
with those considered in table 7 (experiment 1), who
received subcutaneous injections of glutamate in the
above-mentioned dosage in addition to drinking
glutamate solution. Inhibition of development of
silicosis was beyond doubt in this group as well, but
less pronounced than when glutamate was intro-
duced only via the drinking water.
The antifibrogenic effect of glutamate in pneumo-

Indices referred to 100 g body weight
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coniosis has been reproduced by us in several experi-
ments and cannot be subject to doubt. It was
observed both in experiments in which glutamate was
given to rats from the first day of the intratracheal
injection of dust and when treatment was begun only
when the silicotic process was active and had
reached a considerable stage of development.

There are no special grounds to doubt that the
basis of the antisilicotic effect of glutamate lies in the
reduction of the cytotoxic action of dust particles on
the macrophage, which is the key link in the develop-
ment of silicosis. This reduction was shown both
during the contact of macrophage with glutamic acid
in vitro, and after consumption of glutamate by rats
(macrophage donors) in the same doses that, in other
experiments, effectively inhibited the development of
silicosis. We must especially note the stability of the
protective action of glutamate on the macrophage
when it was continually given to rats by mouth, in
whose life-span four months is a long time.
As mentioned above, the protection of the macro-

phage from damaging is advantageous to the orga-
nism exposed to quartz dust, not only because it
prevents the formation of the "macrophageal
fibrogenic factor," but also because it increases the
efficiency of lung clearance of quartz particles.
Therefore we have grounds to expect that the anti-
silicotic effect of glutamate after the long-term
inhalation of quartz dust will prove to be even more
pronounced than in the case of intratracheal injec-
tion of a large dose which is likely to overwhelm the
physiological clearance mechanisms.
The precise mechanisms by which glutamate

increases the resistance of the macrophage to the
cytotoxic action of dust particles is not known. If,
however, we take into account the fact that the
surface of silica particles can be considered as a
specific membranolytic agent, and that damage to
the cell membrane is the prime cause of the patho-
genetic chain of silicosis, special interest should be
given to the part that glutamate plays in stabilising
membranes and, in particular, in the synthesis
and phosphorylation of adenosine nucleotides.
At first sight our results may appear paradoxical:

the influence of quartz under the same conditions
which, judging by the TTC-test, seriously damage
about 50% cells in PM culture, leads not only to no
decrease but to a considerable increase of both the
general content of ATP + ADP and the ATP/ADP
ratio. We think the following explanation for this
paradox is possible. ff a considerable number of cells
are damaged or destroyed during incubation with
quartz, the cells remaining viable are, apparently,
considerably stimulated by the action of macrophage
breakdown products. This stimulation is proved by
several experiments performed in our laboratory.23

In particular, it has been shown that under the
influence of the breakdown products of peritoneal
macrophages the oxygen consumption by both
alveolar and peritoneal macrophages in vitro is
enhanced. The results of an experiment considered in
this paper show that this leads also to the enhance-
ment of macroergic phosphate synthesis.
Thus the interpretation of data on the influence of

glutamate on the content and ratio of adenosine
nucleotides in PM culture damaged by quartz dust
appears to be rather complicated. On the one hand,
preservation of cells from damage must lead to the
conservation of the normal indices of adenosine
metabolism. On the other hand, if a considerable
proportion of the macrophages retain their viability
in the closed cell system under test, we may observe a
conservation or even a total increase of these indices
as an indirect consequence of the damage itself. It is
evident that, calculating in terms of viable PM, such
an increase would be still more pronounced.
Complex dependence of the shifts considered on

opposite influences leads to a difficulty in fully
reproducing these shifts. Thus in one of the repeat
experiments an analogous incubation with quartz of
PM both from control rats and from those receiving
glutamate lead to a decrease of the total adenosine
nucleotide content in the system (in particular, ADP
content). An increase of the ATP/ADP ratio (1 -6
times on the background of glutamate influence and
only 1 1 without), however, was still observed. Thus,
in this case, the total decrease in the number of live
cells as a result of the cytotoxic action of quartz
proved, apparently, to be greater than the stimula-
tion of adenosine nucleotide synthesis in the macro-
phages remaining viable. At the same time, stimula-
tion of oxidative phosphorylation in the remaining
viable cells under the influence of macrophage
breakdown products took place again, this time
particularly in the cells from the rats receiving gluta-
mate. It must be noted that this experiment also
showed an increase of the ATP/ADP ratio in PM
without exposure to quartz as a result of glutamate
treatment by comparison with the starting level on
account of an increase in ATP content. The control
group did not show any change, and the total con-
tent of adenosine acids was decreased.
One may suppose that this favourable shift, on the

one hand, reflects a definite energy adaptation of the
cell, which is therefore able to respond to the
stimulating action by a more pronounced enhance-
ment of oxidative phosphorylation. But, on the other
hand, the action of glutamate, by increasing the
resistance ofPM to damage, decreases the number of
cells broken down and thereby the amount of
stimulator formed-that is, it reduces the stimulating
influence on oxidative phosphorylation in the
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remaining viable PM. Sometimes the upper hand is
taken by the first effect, and sometimes by the second.
An indirect evidence of the cause-and-effect

relationship between the influence of glutamate on
adenosine metabolism and on the resistance of the
cell to quartz cytotoxicity may be seen from the fact
that glutamate fails to produce either influence on rat
erythrocytes. The damage of the erythrocyte mem-
brane by quartz is, apparently, connected with the
same primary interactions as the damage of the
macrophage membrane. It is not by chance that there
is always a close correlation between the cytotoxicity
of different dusts for the macrophage and their
haemolytic action.21 Nitrogen-containing polymers
(whose anticytotoxic effect is, most probably,
brought about by direct competitive participation in
these interactions) suppress both quartz haemolysis
and quartz damaging of macrophages in vitro.1015
The influence of glutamate is most probably
effected through a metabolic route that differs in
macrophages and non-nuclear erythrocyte.

Glycolysis, which is accompanied by the formation
ofmacroergic phosphate links to a considerably lesser
degree than oxidative phosphorylation, plays a
major part in the energy metabolism of the erythro-
cyte. Oxidative phosphorylation, although it is
much less important for the peritoneal macrophage
(used by us) than for alveolar macrophages,31 32
occupies an important place in the energy metabo-
lism of the former.

It is interesting to note that while both macro-
phages and rat erythrocytes have a wide inter-
individual variability to the cytotoxic (and,
correspondingly, haemolytic) action of standard
quartz, no correlation could be found between them.
Therefore, this variability is probably connected
with quite different causes for the two types of cell
(LI Privalova and KI Morozova, unpublished
observations).

It was to give additional support to the indirect
argument given above that we studied the influence
of glutamate on the susceptibility on aviar erythro-
cytes to quartz in vitro; the cells retain a nucleus and
therefore differ less in metabolic character from
"normal cells." As we expected, by contrast with rat
erythrocytes, the chicken erythrocytes increased their
resistance to quartz damage under the influence of
glutamate. Interestingly, as a result of the incubation
with glutamate they showed an increased total
content of adenosinephosphoric acids and of the
ATP/ADP ratio. Thus the response of nucleated
erythrocytes to glutamate is, on the whole, similar
to that of the macrophage, and considerably different
from that of non-nuclear erythrocytes, both with
respect to the reaction of indices of oxidative phos-
phorylation and adenosine nucleotides synthesis, and

with respect to the resistance to the damaging effect
of quartz.
We suggest that, although further analysis of the

mechanism of the antisilicotic action of glutamate is
necessary, the data obtained so far justify including
silicosis among those conditions whose treatment and
prophylaxis can be supplemented by this remedy.
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