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cultures weps adidedd, ofter meabation for 1 day and
diinrerratien ot colls. (a) medim adune, () supernataut
medimitn from mtact macropluges alone ancd fron tact
cells maintained in medinm containing PNO, and (e¢)
supernatant medium from initially intact macrophages
incubated with yuartz (01 mg/2 x 10* cells/ml.) and from
" iutact macrophages incubated with quartz in the same
concentrutions together with PNO. In one experiment.
1 mz/ml. PNO was added to the macrophage cultures ! h
before addinz quartz. Controls (a) and (b) showed no
riso of HOP concentration, A significant increass of HOP
occurred at 2 and 4 days in quurtz cultures whether
treated with PNO or not, there being no significant dif-
ference between the increnses in the two cnses, In a
second experiment I'NO was applied to macrophage
cultures at 2 mg/ml. for 1 day before adding quartz. The
experiment lasted only 2 days, but HOP production was
ratsed with quartz alone (P < 0-001) but not at all with
quartz in the presence of PNO.

The proximate mechanism of fibrogenesis by silicon
dioxide i3 still obscure but the present experiments provide,
apparently for the first time, tissue culture evidence of a
quantitative nature that implicates the reaction between
silica nd macrophages as an essential initial step in the
process. The evidence permits the conclusion that this
13 a vital phenomenon, which does not necessarily involve
a direcy effect of dissolved or particulate silicate on
fibroblasts. Moreover, the comparative experiments with
titunium dioxide and PNO (higher concentration, longer
action) suggest that the silica-macrophage reaction is
specific. The nature of the active factor has still to be
elucidated, hut another experiment suggests that the
debris from quartz-treated, disintegrated macrophages
lacks the factor. The idea that the fibrogenic agent is
lipid in nature!-'4 now faces preliminary evidence to the

ontrary !4, :
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Haemolytic Activity of Asbestos and other
Mineral Dusts

.lglc.\ in the particulate form has becn shown to have a
vtie aetion on intrecellular strueturesi-? and on ervthro-
evtes®4. The present investigation hus shown that ehryso-
tile asheatos is as potent a haemolytic agent as silica
powder. Other forms of asbestos lysed vrythrocytes anly
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after prodowged incubation with ther, snd o wide range of
mineral dusts was innetive. The hncmolytic action of
chrysotile was eompletely proevented by disodium ver-
senate und sinple phoaplutes but only partally by poly-
vinylpyridine-N-oxide and alaminium, both of which
protect cells agninat lysis by silical,

The fullowing fincly ground materinla were used:
crystalline and amorphous silica, silicic acid powder,
silien gel, chrysotile, amwosite, anthophyllite and eroci-
dolite asbestos. serpentine, stununium oxide, ‘Scphadex G-
25", high and low rank coal dust, mine dust. colloidal
carbon, tale. kaolin, glass powder. carborundwn and
diamond duss.

For the majority of tusts o standardized 2 per ceut
suspension of washed shecp erythrocytes in » veronal
buffered isotonic saline bufier (pH 7-4) was used. Four
millilitres of this suspension were completely lysed by
50 mg of chryvotile when this was incubated at 37° C with
a fixed volume (4 ml.) of suspension fur u period of 50 mia.
This was taken as the standard time for all aubsequent
quantitative tests. The effects of various agents in pre-
venting haemolysis by silica and chrysotile were in-
vestigated after the minerals had been coated with suitable
concentrations of the protective materials, followed by
repeated washing with saline.

Significant haemolytic activity was found for chrysotile,
serpentine and oll forms of silica tested. (Tho particle
size ranges of the active dusts were the following: chryso-
tile, 11 per cent <0-5u; 37 por cent 0-5-2i; 33 per cent
2-5u; 15 per cent 5-10p; 4 per cent 10-50u length;
serpentine, very fibrous, no size distribution obtained;
crystalline silica, 15 per cent «2-5u; 49 per cent 2:5-5y;
30 per cent 5-7-5u; 5 per cent 7-5-10p; amorphous silica,
250-400 A ; silicic acid powder, not determined; silica gel,
10-40y.) The remaining powders were either completely
inactive or only weakly lytie. Quantitative values for the
powders found to be lytic are shown in Table 1.

Table 1. RAENOLYTIO ACTIVITY OF SALINE SUSFENSIONS OF CHRYSOTILE
ASBESTOS AND SILICA DUSTY

Per cent haemoglobin
Mineral In supernatant

Fully haemolysed erythrocyte auspenaton 100

Aerosil (colioidal ailiea) pe 100

Crystulline silica 83
Crystaliine silica (acld-washed)® Rot
Silicic acid powder 06!
Silicn gel LoH
Chrysotile asbeatos 8%
Serpentine 653

m:“?ll’licu repeatedly washed with boiling hydrochloric acid to remove surface
Yo adsorption of hasmoglobln—-some erythrocytes left intact,

Lower vulues caused by adsorption of huemoylobin on Ayats—
erythrocytes compistely hu¥nolyum G'C 2i ! ‘5 4
: ¥/

The rate of haemolysis by chrysotile was greater than
that shown by silica, the apparent lower percentage
haemolysis by the asbestos (Table 1) being the result of
the adsorption of released haemoglobin during the early
stages of lysis. Haemolysis by chrysotile took place
rapidly, with the immediate adsorption of haemoglobin on
the nsbestos fibres. Because of this, the degree of hasmo-
lysis in the supermstant (as measured colorimetrically)
never reached 100 per cent. This waa also found in the
cnse of the adsorbents, silicic acid and silica gel.

Soveral samples of swosite, anthophyllite and croci-
dolite ashestos gave consistently negative results when
incubuted for 50 min at 37° C. In tho case of the first
two, haemolysis started only after 5 h at 37° C and veached
its maximum after 24 h. Crocidolite had & very mild
haemolytic effect after 24 h.

Haemolysis by chrysotile was inhibited by serum and by
low concentrations of disodium ethylenediamine tetra-
acetic acid (EDTA) and phosphate ions (33 mg PO;~)
in the standard test medium. In tho case of EDTA it was
found that 20 umoles of chelating agent in 4 ml. of ervthro-
eyte suspension at 37° C completely prevented the hacmo-
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Iytic action of 50 mg chrysotile (Fig. 1). On the other hand,
2 per cent aluminium chloride. 1-25 per cent gelatine and
0-9 per cent polyvinylpyridine-N-oxide (all effective
protective agents agsinst haemolysis by silica) retarded
lysis by chrywotile for short periods but failed to prevent
it completely.

The potent haemolytic action of both chrysotile and
silica has been dcmonstrated. The influence of any
mechanical action of these materiala on the erythrocyte
surface can be largely excluded because other abrasive
dusts, for example, carborundum, diamond dust and glass
powder, gave little or no haemolysia under the same
experimental conditions. Recent work* on silica sus-
pensions and inert dusts confirma this observation.

The results of our investigations with protective agents
suggest that silica and chrysotile differ in the nature of
their haemolytic action. There is evidence that silicie
acid interacts effectively with lipoprotein monolayers®-*
and that hydrogen bonds are formed between keto-imino-
acids and the hydroxyl groups of the siliciec acid*-’,
Recent investigations of the damage by silica to the
phagosomal membrane of macrophages’-* have indicated
that silica exerts ita lytic effect by forming hydrogen bonds
with the biological membrane of the phagosome. The
proventive effect of polyvinylpyridine-N.oxide at the
subcellular level was ascribed after experimental evidence?
to the preferential formation of hydrogen bonds hetween
the silica surface and the polymer. That the latter inter-
acta more extensively with the silica surface than with the
erythrocyte membrane is shown by the low degree of
protection obtained when blood cells are preincubated
with the polymer only3.

The marked depression of silica solubility by aluminium
{and, presumably, the protective effect of this ion against
phagosomal membrane lysis by silica)’ is caused by the
formation of aluminium hydroxide by aluminium in the
ionie form reacting with the hydroxy] groups of the silica
surface.

In the case of chrysotile, a fibrous silicate containing
40 per cent magnesium (as oxide), the partial protection
given by aluminium and polyvinylpyridine.N-oxide
indicates that if hydrogen bond formation takes place,
this must be relatively slight and may be accounted for by
the molecular configuration of chrysotile which would
offer not only hydroxyl groups but cations for surfaco
interaction.  Polyvinylpyridine-MN-oxide is a neutral
co-ordinating agent and would be expected to interact
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with cations such as moagnesium (II) ions only when
suitable anions are available to maintain electrical
ncutrality (T. Nash, personal communication)..

That magnesium in the ionic form is the principal
cationic reactant on the surface of chryvsotile in hisemo-
lysis secma to bo indicated by the effective inhibitory
action of EDTA, a material which also prevents lysis by
macromolecules containing ionized iron®. This belief is
supported by the inhibitory action of simple phosphates
in the medium. Nash has suggested (personal communi-
cation) that non-ionic compounds (for example, poly-
vinylpyridine-N-oxide) or betaine.-like cornpounds would
be expected to protect cells against haemolysis by silica
because of the nonionic character of the latter. If mag-
nesium ions are the lytic agents, however, as appears to
be the case with chrysotile, polvacids would seem to be
suitablo inhibitors. Good co-ordinators like phosphate
and polyphasphate should also be effective. The iron in
chrysotile (up to 2 per cent) appears to play no part in lysis
by this form of asbestos, because no inhibitory effect was
obtained in the presence of z.a’-dipyridyl in the medium.
On the other hand, the presence of magnesium and
calcium ions had no enhancing influence on the weakly
lytic effect of crocidolite and amasite.

The haemolytic effocts of chrysotile are of interest in
view of the relative inactivity of the amphibole asbestos
forms, crocidolite and amosite, and the pronounced
activity of certain polymerized silicates which, unlike
monomeric forms, bind firmly to the erythrocyic mem-
brane®. The active fibrogenic properties common to the
types of asbestos investigated here cannot yet be associated
with their haemolytic characteristics, a relationship
suggested for different forms of silicat, The inactivity of
crocidolite, amosite and anthophyllite after incubation
for 50 min suggested that if haemolytic activity is to be
related to fibrogenicity, contact of these forms of ashestos
with erythrocytes would have to be prolonged; the weak
haemolytic activity observed by us for crocidolite, amosite
and anthophyllito after extended incubation with ery-
throcytes supports this possibility.

Finally, it also seems clear that the highly active lytic
property of chrysotile is related to the adsorptive capacity
of this form of asbeatos. The present investigation has
shown that under the sarme conditions, chrysotile adsorbs
five times more protein from serum than silica. More
protein is required to ‘‘cover” the haemolytic sites of
chrysotile than of silica; this is not surprising in view of the
chemical structure and morphology of the two minersls.
Chrysotile also has the highest Mg/Si ratio of the three
forms of asbestoa tested and differs alzo in that iron iz not
formally included in the lattice. It has a very high zero
point of charge (pH 10-12), that is, over most of the gH
rango it will earry a net positive charge?!®.
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Fig. 2 Ventricular rates of the control hearts compared with
the first 23 d for the test hearts.

scem reasonable to continue with further conventional clinical
trials. If a new drug is depressant to the foetal myocardium
above a certain concentration, it would be unwise to exceed
this in a subsequent clinical trial. If the substance were to
affect only young foetal hearts it might still be safe in late
pregnancy.
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Penetration of Asbestos through the
Digestive Tract of Rats

MEsoTHELIOMAS of the pleura and peritoneum?~? have been
linked with the inhalation of asbestos fibres. We have shown*
that asbestos fibres are present in drinking water, beer, wine
and other beverages. Asbestos fibres can penetrate the mucost
of the stomach and intestine® and Telischi and Rubenstone*
have found asbestos material in a gastric carcinoma. Godwin
and Jagatic’, reporting on mesotheliomas of the pleura caused
by asbestos, noted that asbestos particles were widely distr
buted jn various tissues. They suggested that particles may
migrate from the lung through the blood and lymphatic
system to all parts of the body. In the light of these reports,
we surmised that asbestos consumed orally can pass through
the gut into the blood stream and accumulate in various tissue.

To determine if this is the case we injected a suspension of
asbestos fibres into the stomachs of rats. The suspensios
was prepared by shaking 2.5 g of chrysotile asbestos (Johms
Manville No. 7RFO2) in 500 ml of water in a graduated
cylinder. The suspension was allowed to settle for 30 mia
and the top 250 ml, which contained about 9.4 x 10* (I mp
fibres ml-!, was drawn off. Most of these fibres are 0.2 ym-
2.0 um long (Fig. 1). To ensure that fibres passed through
the digestive tract without rats inhaling any of them, th
asbestos was introduced into the gastrointestinal tract by
opening the abdomen under anaesthesia and injecting te
fibres directly into the stomach. Two to 4 d later the rab
were killed and blood and tissues analysed for asbestos. To
ensure that any fibres on the rat hair could not contaminaw
the organs removed during surgery, the rats were first thor
oughly vacuumed and washed with double distilled water and
methanol. During the removal of tissues wet towels wer
placed over the animals and around the incisions. Uncom
taminated blood was drawn from the orbital sinus using 8
capillary tube,

To avoid formation of excess ash, which interferes wih
examination of specimens under the electron microscope, the
tissues were first solubilized with soluene (Packard Instrumen
Company); the fibres were then centrifuged down, washed
with methanol and ashed as previously described*. The mb
was taken up in 1 ml of distilled water which had been filtered
through a 0.2 um filter, and 5 ul of this mixture was dropped
on hydrophilic carbon-coated electron microscope
supported on a ring peg. The grids were dried in a ciowl
glass container (to avoid air contamination) under a hes
lamp and were examined at magnifications of 20,000 aad
80,000 with an electron microscope. The presence of chrysoti
asbestos fibres was verified by electron diffraction. They vor
counted and the numbers corrected for dilution to determme
the number in the original 1 ml sample. Results of recovey
of asbestos fibres from rats treated in this way are shown ®
Table 1.

Rats in group 1 were given 9.4 x 10? fibres (1 ml) and kilié
2 d later; those in group 2 received 94 x 10° fibres and wem
killed 4 d later. No asbestos fibres were detected in the bleaf
of non-injected rats (controls) but 4.65 x 10% g-* (a statisnal
significant increase) were found in the first group.

This is the first time direct physical evidence for the prev=s
of asbestos fibres in the blood has been obtained. Four dm
after treatment the amount of asbestos in the blood of rsts#
group 2 had dropped to 1.19 x 10® g=! even though these v
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Yable 1 Numbers of Asbestos Fibres Recovarad from Treated and
Non-Traated Rats

Controls Group 1 t Group 2}

mean * mean* mean *
Blood 0.00 _ 4659 1.02 1.19 0.77
Spleen 213 0.67§ 4.11 0.49 345 1.20
Omentum  2.46 0.46 2.74 0.87 18.25 71.79
Heart 209 0.41 —— — 2.28 0.40
Brain 0.05 0.02 0.311 0.19 0.29** 0.11
Lungs 1.06 0.26 1.80 0.54 1.74 0.26

* Average of five rats in all cases except where noted. + Animals
injected with 9.4 x 10° fibres and tissues examined 2 d later. ; Ani-
mals injected with 94 % 10° fibres and tissues examined 4 d later,
§Standard error of the mean. | Four rats only. g P<0.0];
e pc0.05.

(The figures in the table are fibres g=! x 10-%)

can clear itself of the fibres, Tissues such as the spleen, heart
and lung also scem to have, to a lesser extent, the ability
to clear themselves of the asbestos fibres, as the figures obtained
from rats in group 2 indicate. They are lower than those for
group 1 rats even though they received a larger dose, but the
tissues had longer to clear themselves. Indeed, recent work
in our laboratory with radioactive asbestos indicated that
some tissues, such as the lungs, can reduce their fibre content
by half in 2 d. This clearing action could possibly have quite
an effect on the numbers of fibres found in the liver and
kidney of the rats but unfortunately, because of the considerable
smount of ash present in these organs even after soluene
treatment, we could not examineg these specimens under the
electron microscope.
Another factor may contribute to the higher fibre count
ined for the organs of rats in group 1 compared with
Is in group 2, namely, that there were four times as
many fibres in the blood of rats in group 1. The residual blood
in the tissues on removal from the animal would of course
contribute to the total fibre count of a particular tissue.
_This factor could have created the anomaly in the fibre
¢dunts in brains. In the brains of treated rats this was about
six times higher than in the controls, and the increase in fibre
count is statistically significant for rats in group 2 but not,
oddly, for rats in group ! even though there were more fibres
in these animals. The greater number of fibres per gram in
the blood of rats in group | could be responsible for the
larger standard error in the counts of rats in group 1 and
therefore did not allow the values obtained to be significant.
The brain seems to have little ability to ciear itself of asbestos
fibres, but the omentum has even less. This tissue, which

Fig. 1 Electron micrograph of the suspension of asbestos fibres
injcted into the rat stomach. Note the varying sizes of the
bundles of fibres present.

353

Fig.2 Small bundle of asbestos fibres from the peritoneum of a
rat. This bundle is at least 15 ym long.

surrounds the small intestine, appeared to accumulate most
asbestos. Although the asbestos fibre content of the omentums
in rats in group 2 may seem rather high (one extreme count
contributed to the high standard error) the omentum does not
seem to respond as do the other tissues. As well as having
little ability to clear itself, fibre accumulation in the omentum
may take place much more slowly than it does in other tissues.
As the omentum consists partly of peritoneum and partly
adipose tissue, asbestos fibres may enter the peritoneum by
direct penetration of the intestinal wall, Concerning the
prolonged retention of asbestos fibres in the omentum in
women asbestos workers, Keal® found a higher incidence of
peritoneal cancer than of lung cancer.

The amount of asbestos found in the tissues of the controls
is higher than we had anticipated, considering the age of the
rats and the number of fibres they might have consumed in
their drinking water*. But we do not know how much wasg
in their feed or air. We have analysed the tissues of some
people who died of natural causes and found somewhat similar
levels. In one person there was twice as much asbestos in the
brain as in the brains of our control rats and about one quarter
as much in the omentum, but the omentum content was still
higher than the brain.

Most of the fibres found were about 0.2-2.0 um long but
some measured 15 um (Fig. 2) and one fibre in the blood of
a rat was 23.55 um long. We do not know how the fibres
pass tiuough the intestinal wall. Some long ones may pierce
the gut like a needle, whereas pinocytosis may account for the
absorption of the small ones.

We demonstrated earlier the presence of asbestos fibres in
air, snow, city drinking water and a number of beverages*.
The experiment described here shows that fibres of a similar
size administered into the stomach of rats appear in the biood
and accumulate in various tissues in the body.
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