THE PULMONARY TOXICITY OF MIXED DUST IS NOT ONLY
RELATED TO ITS MINERALOGICAL COMPOSITION
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INTRODUCTION

Studying the relationships between the physico-chemical
characteristics of some dust particles and the activity that
these particles may exhibit when in contact with various
biological systems is a fascinating area of research. Our
understanding of the question, however, is quite limited. We
know that exposure to asbestos dust may lead to asbestosis,
free silica to silicosis and coal mine dust to coal worker
pneumoconiosis. But we do not know which parameter at
the level of the particles will trigger the relevant biological
mechanisms. Several hypotheses have been made, but no
satisfactory theory has emerged from the many studies on
the subject.

The problem is even more complicated when dealing with
mixed dust, such as coal mine dust. In addition to coal from
various rank, coal mine dust generally contains free silica
and clay minerals. Each component may play 2 role in the
pathogenesis of the disease. For example, studies in rats
by inhalation and intratracheal injection revealed that quartz
in coal mine dust exhibited less activity than expected.® This
phenomenon was attributed to the release of aluminum from
clay minerals present, especially from illite.® It led to the
hypothesis that the biological activity of quartz in mixed dust
was depending to the ability for accompanying minerals to
mask the potential toxicity of quartz.%7-1° The toxicity of
coal mine dust would more depend on the overall
mineralogical composition rather than on the quartz content
alone. 122

In order to explore this hypothesis, we tested in the rat two
samples of coal dust having the same bulk mireralogical com-
position in terms of coal, quariz, illite and kaolin. They did
not exhibit the same pulmonary activity.

METHODS

Sample #1 was obtained by finely grinding some coal
materials extracted from the Aumance coal mine in France.
The finzl product contained 35% coal, 17% quartz, 31% il-
lite and 17% kaolin. Mineralogical determinations were made
using a combination of X-ray diffraction and infrared spec-
troscopy. Sample #2 was a reconstituted mixture of fine par-
ticles of *“pure’’ coal and minerals from other origin (illite
from Le Puy, kaolin from Cornwall and quartz from
Madagascar). The two samples had the same final
mineratogical composition by weight. Particles in each sam-
ple were examined by Analytical Transmission Electron
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Microscopy (ATEM) and their number size distributions
were established.

Three groups of 40 female Wistar rats were used for this
study. Each animal in the exposed groups received a single
intratracheal injection of 60 mg of fine particles suspended
in 1 ml of saline. Some animals were killed 12 and 24 months -
later.

The lungs and the tracheobronchial lymph nodes were re-
moved and weighed. Left lobes were used for histopatho-
logical examination and ATEM analysis of retained dust par-
ticles. Left lobes were perfused under 25 cm H,O pressure
and fixed in 10% neutral buffered formalin. Sections stained
by hematoxylin eosine and Picrosirius were examined at three
different locations under crossed polaroid filters.® The in-
tensity and profusion of the lesions were scored, each on a
0-4 scale. Criteria used for intensity grading are indicated
in Table 1. A final histopathological score was obtained by
multiplying the intensity score and the profusion score.!
Lung tissue was then extracted from the remaining block by
dewaxing in hot toluene. After digestion of the tissue in
sodium hypochlorite, retained particles were concentrated
by filtration on Polycarbonate membrane and analysed by
ATEM.

For each group, right lungs and remaining tissue fragments
not used for histology were dried and pooled. The pool was
analysed for collagen by the method of Stegeman, ! for total
dust by the formamide method of Thomas,# for quartz by
X-ray diffraction and for total Al in dust by X-ray
fluorescence.

Similar methods were used to prepare and analyse lymph
nodes.

RESULTS

For exposed animals, mean weight of fresh lung and mean
collagen content of the lung were both above corresponding
control values (Table IT). The highest figures were measured
at month 24 in the group of animals injected with the
reconstituted mixture. In particular, the collagen content of
the lung was more than three times higher with the
reconstituted mixture than with the Aumance coal dust.

No histological changes were noticed in the lung of control
animals, but lesions were present in the lung of exposed
animals. Histopathological scores are presented in Figure 2.
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Table 1
Criteria Used for Scoring Intensity of Lung Lesions

Grade 0 Normal histology.

Grade 1 Focal accumulation of dust-laden macrophages
without any fibrotic organisation.

Grade 2 Early fibrotic organisation with few thin
collagen III fibers peripheraly to the granulomas,
or intersperced throughout {(green color with
Picrosirius stain under cross polaroid filters).

Grade 3 Fibrotic organisation of the granulomas,
with thick bundles of collagen I, in addition
to collagen III (yellow orange or red color with
Picrosirius stain).

Grade 4 Massive fibrotic reaction located around the main
bronchus and vessels.

Table I
Weight of Fresh Lung, Weight of Lymph Nodes and Pulmonary Collagen

Mean weight of fresh lungs {(g/rat)

1.3 1.8 1.8 1.3 2.1 3.6
Mean weight of lymph nodes (mg)

- 0.08 0.28 - 0.36 1.1
Mean collagen content of the lung (mg/rat)

29.4 47.5 52.8 31.3 52.5 167.3
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In each exposed group, the mean score was significantly high-
er at month 24. At this date, histopathological changes were
significantly more pronounced with the reconstituted mix-
ture. At month 12, pulmonary lesions were quite similar in
the two groups but the fibrotic reaction of the tracheobron-
chial lymph nodes was much more intense with the mixture.

Mineral contents of the pooled lung tissue and lymph nodes
are reported in Table III. A very high proportion of the in-
jected dust was still present in the lung at month 12 and at
month 24. Figures for total dust, quartz and Aluminum were
systematically higher in the Aumance group. Quartz ac-
counted for 17% of the injected dust, but overall, the pro-
portions of quartz in the lung dust were less. At month 12,
proportions of quartz and proportions of Aluminum in the
lung dusts did not differ between the two exposure groups.
The lung dusts were richer in quartz at month 24. The quartz
contents of tracheobronchia! lymph nodes were quite similar

in both groups (Table III).

ATEM analysis of dust used for injection indicated the
presence of very fine particles in both samples. Most of the

particles observed by ATEM were less than 2.5 pm in ap-
parent Ferret’s diameter. The number size distributions were
similar in the two samples, although the particles were
somewhat finer in the mixture (Figure 1). Particles extracted
from the lung at month 24 were cither isolated or grouped
into large agglomerates. Such agglomerates were not detected
in the injected dust.

Detailed mineralogical analysis of the lung dust by ATEM
is still in progress. Preliminary observations suggest that the
clay contents of the lung were different for the two groups,
with apparently more illite retained at month 24 by animals
exposed to the Aumance dust.

DISCUSSION

The model used was able to produce a fibrotic reaction pro-
gressing over the two years of the experiment, and to docu-
ment different activities of the two dust samples tested.

These experiments ilivstrate once more how complex are the
mechanisms of biological action of mixed dust. The two
mixed dust samples with the same bulk mineralogical com-
position yielded different fibrotic pulmonary responses.

Table I
Mineral Content of the Lung and of the Tracheobronchial Lymph Nodes

Total mineral dust in the lung

47.8 35.5

Quartz in the lung {mg/rat)

5.6 4.2

Month 24
Aumance Mixture
(mg/rat)
41.7 35.5
7.4 4.9

Percentage of quartz in lung dust

11.7 11.8

17.7 13.8

Aluminum in lung dust (mg/rat)

1.8 1.3

2.5 1.1

Percentage of Aluminum in lung dust

3.7 3.7

5.9 3.1

Quartz in the lymph nodes (mg)

1.0 1.4

——— —————————— ———— " ——— -
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The bulk analysis of lung dust did not provide any convinc-
ing explanation for this difference. May be that the
microscopical analysis in progress will bring interesting in-
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Figure 3. Pathological scores (see text for explanation) at
month 12 and month 24 for the two groups of ex-
posed animals.

e S
Figure 4. Morphological features of dust extracted from
animals exposed to the Aumance coal dust. Note

the presence of disolving illite particles.
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formation. It is conceivable that the particles be differently
assembled in the natural and in the reconstituted dust.
Preliminary observations of clays in lung dust do support
this hypothesis. Surface analysis of injected and retained dust
may also be informative.?

‘Whatever the explanation may be, it is clear from these and
other data,24.%:11 that the toxicity of coal mine dust and
probably of other mixed dust is not only related to its
mineralogical composition (as usually determined). More
subtle properties of the dust particles may also play a role.
This put into question the usefulness of incorporating expen-
sive mineralogical analyses in routine dust measuring
programs,
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EFFECTS OF ANTIOXIDANTS ON EXPERIMENTAL SILICOSIS

SILVIA GABOR * Mariana Botoc

Institute of Hygiene and Public Health, Cluj-Napoca, Romania

Our previous studies,!5:16.17.18 documented also by other
authors,*2-2133:34 provided support for the assumption that
lipid peroxidation may be one of quartz dust cytotoxic
mechanisms in cells and lung tissue. Also, a continuously
growing body of evidence indicate that antioxidants as
selenium, zinc, vitamins A, E, and C are either incorporated
in the biological membranes or/and influence their stability
through the antioxidative systems, and, thus can provide line
of defense against peroxidative damage.5.7:11.24.25,30,33 The
involvement of lipid peroxidation in lung tissue and
macrophage damaging processes promoted by quartz dust
justify the use of various antioxidants and free radical
scavengers.219.20.2.27

The present study was conducted to gain some insight into
the protective effects of antioxidant agents on experimental-
ly induced by quartz lung changes.

MATERIAL AND METHODS

Male rats with body weights about 180-200 g were used in
three experimental series,

Experiment 1. Rats were divided into the following six
groups: 1) Control, intratracheally instilled with 1 ml saline;
2) Silicotic rats (DQ12), intratracheally instifled with a single
dose of 30 mg DQI2 standard quartz dust, particle size
5 p (kindly supplied by Prof. K. Robock, Bergbau-
Forschung, GmbH in Essen, West Germany); 3) Selenium-
supplemented (Se) 1 ppm; 4) Selenium-supplemented (Se)
4 ppm; 5) Se 1 ppm + DQ12; 6) Se 4 ppm + DQI2.

Experiment 2. Designed to investigate the effects of adding
Vitamin A (20 mg/kg b.w.), or Vitamin E (40 mg/kg b.w.)
to 1 ppm selenium, was performed on the following animal
groups: 1) Control; 2) DQ12; 3) Se + Vitamin A; 4) Se +
Vitamin A + DQ12; §) Se + Vitamin E; 6) Se + Vitamin
E + DQI2.

Experiment 3. Aimed at evatuating the effectiveness of zinc
supplementation (18.5 ppm), and of the concurrent ad-
ministration of zinc and selenium (1 ppm), used also six
animal groups; 1) Control; 2) DQ12; 3) Zn; 4) Zn + Se;
5)Zn 4+ DQI12; 6) Zn + Se + DQI12. The antioxidants were
given orally in the drinking water. Rats were maintained on
antioxidant supplement for 1 month prior to the dust instilla-
tion and 2 months before sacrifice. By the 2 months all the
animal groups were killed, The lungs and the tracheal lymph
nodes were removed and weighed. The lungs were exam-
ined for fibrogenesis development and for peroxidative
damage (experiments 2 and 3). In order to evaluate the
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severity of fibrogenesis the following biochemical parameters
were used: lipid,!3-2¢ phospholipid,?' and hydroxyproline?®
content of the lungs. The degree of lung peroxidative damage
was evaluated by measurements of malondialdehyde forma-
tion, as an index of lipid peroxidation release, with thiobar-
bituric acid (TBA)-test,? glutathione peroxidase, GSH-
Px, and glucoso-6-phosphate dehydrogenase, G6P-DH,?
activities.

The data are presented as percent of control and of
DQ12-instilled rats. Statistical intergroup significance were
performed by using Student’s t-test.

RESULTS AND DISCUSSION

Experiment 1. Figure 1 shows that under 1 ppm and 4 ppm
selenium treatment no additional benefit was found in the
increased by 2 months final lung and lymph node weights
of silicotic rats. No significant differences were observed
between the DQ12-instilled and supplemented with selenium,
and the non-supplemented silicotic groups, except for 1 ppm
selenium which diminished lymph node weights, but only
at marginal statistical significance (p <0.05).

In contrast, both selenium doses markedly reduced
(p <0.001} lung lipids and phospholipids induced by quartz
(Figure 2). Selenium supplements exerted the same decrease
rate (p < 0.001) of lung hydroxyproline in silicotic rats
(Figure 3).

Experiment 2. Feeding selenium 1 ppm in combination with
vitamin A and E did not modify the increased lung weights
induced by quartz, but significantly reduced (p < 0.01) the
lymph node weights compared to non-supplemented silicotic
rats (Figure 4).

Co-administration of selenium with both vitamins was equally
effective in decreasing biochemical parameters of lung
fibrosis,—lipid, phospholipid and hydroxyproline content
(Figures 5 and 6). However, none of the used antioxidant
supplements returned the observed changes to control values.

The TBA levels reported in Figure 7 show a significant
higher lipid peroxidation in the DQ12-instilled rats. Sup-
plemental to selenium vitamin A and E tended to reduce lipid
peroxide release, but the decrease was not significant as
against the silicotic rats.

GSH-Px activity depicted in the Figure 8 was found to be
increased in sificotic rat lungs, but no significant response
was observed compared to control group. The enhanced ac-
tivity suggests an adaptative reaction and may indicate an
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Figure 1. Lung and tracheal lymph node weights of quartz-treated and Se-supplemented
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Figure 3. Lung HYPRO of quartz-treated and Se-supplemented silicotic rats.
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Figure 4. Lung and tracheal lymph node weights of quartz-treated, Se-+vitamin A, and
Se+vitamin E-supplemented silicotic rats.
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Figure 5. Lung lipids and phospholipids of quartz-treated, Se+ vitamin A, and Se +vitamin
E-supplemented silicotic rats.
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silicotic rats.

increased demand of the enzymatic activity to cope with tissue
peroxidative damage. An inverse relationship between lung
GSH-Px activity and lipid peroxidation in selenium +
vitamin A and E-supplemented silicotic rats was observed.
However, this effect was not significant compared to
DQ12-instilled rats. G6P-DH exhibited a significantly higher
(p <0.001) activity in the silicotic rat lungs versus of the
control group. Addition of both vitamin combinations
significantly lowered the enzyme activity by the 2 months
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when compared to non-supplemented silicotic rats (Figure
9). The reason of the increased enzyme activity in silicosis
might be due to the stimulation of the pentoso-phosphate
pathway by supplying NADPH for “‘de novo’” lipid biosyn-
thesis and for glutathione redox cycle. Antioxidants exerted
a beneficial effect on this metabolic point as demonstrated
by the previous Figure 5 showing a reduced rate of lung lipids
in antioxidant supplemented silicotic rats.
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Experiment 3. No response in case of treatment with zinc
and zinc + selenium was noted in lung weights of silicotic
rats; however, the lymph node weights were found to be in-
creased (Figure 10). In terms of biochemical lesions, zinc
supplementation resulted in a significant decrease of lung
lipid, phospholipid and hydroxyproline content (Figure 11
and 12). Concurrent administration of zinc and selenjum
showed the same pattern, except for lung lipids whose values
did not differ from those of silicotic non-supplemented group.

Lung lipid peroxides of silicotics were significantly increased
{p <0.01) when zinc was supplemented, while zinc +
selenium combination alleviated this effect. The failure of
zinc to decrease lipid peroxidation induced by quartz dust
might be explained by the reported bimodal response of this
element in vivo: low doses inhibit, but higher doses enhance
lipid peroxidation.®26 Most probably, the applied dose of
18.5 ppm zinc, though is considered to be physiological and
non-toxic, under our experimental conditions was high
enough to increase lipid peroxidation compared to control
and silicotic rats.

Lung GSH-Px activity of silicotic rats kept on zinc showed
a slight non-significant increment running in parallel with
the observed lipid peroxide excess. Adding selenium to zinc
resulted in an unexpected decline of this selenium-dependent
enzyme at the borderline significance (p <0.05).

Enhanced G6P-DH activity observed in silicotic rats was
decreased by zinc supplementation to values significantly
lower (p «<0.001) when compared to non-treated
DQ12-instilled animals. Co-administered selenium to zinc
failed to exhibit synergistic effect, the enzyme activity be-
ing reduced with a lower significance rate (p < 0.01). It
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is worth mentioning that the less pronounced effect of
selenium in the presence of zinc supports the opinion that
the biological role of the former might be diminished by its
direct binding to the ionized zinc.!? Consequently, a
decreased availability of selenium to antioxidant enzyme
Systems occurs.

The design of our experiments does not allow a detailed
discussion on the mechanisms of the antioxidant effects on
silicosis. We can only speculate that selenium, vitamin A
and vitamin E as well as their combinations act mainly on
the course of inflammatory events preceding fibrosis, by trap-
ping the formed free radicals, and, thus, preventing lipid
peroxidation. Zinc, element with a broad range of biologic
activity, though is a co-factor of the scavenging free radical
metallo-enzyme superoxide dismutase, impairs mainly col-
lagen synthesis and processing.

Our results confirm the reported previously protective ef-
fect of zinc with respect to induced by quartz lung collagen
accumulation. The beneficial effect of zinc was explained
by the interference with macrophage functions, having no
direct effect on collagen deposition.!® Recent evidence,
however, indicates that zinc has a direct and selective preven-
tive effect on rat lung collagen accumulation by inhibiting
procollagen hydroxylation.

In conclusion, our results give support to the hypothesis that
the peroxidative damage plays an important additional role
in the fibrotic action of quartz dust. One of the most signifi-
cant findings in this study is that under antioxidant treatment
silicotic fibrosis was diminished. Therefore, given correct
concentrations, these antioxidants appear to be beneficial,
as prophylactic and therapeutic agents in silicosis. Since the
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Figure 12. Lung HYPRO of quartz-treated, Zn and Zn+ Se-supplemented silicotic rats.
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Figure 13. Lung LIPID PEROXIDES of quartz-treated, Zn and Zn+ Se-supplemented
silicotic rats.
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Figure 15. Lung G6P-DH of quartz-treated, Zn and Zn+ Se-supplemented silicotic rats.
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applicability of our findings to humans can only be speculated
upon at this time, it is suggested that a clinical trial with an-
tioxidant supplements to silicotic patients will have a similar
effect.
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ALTERATIONS IN PULMONARY RESPONSE AND BRONCHOALVEOLAR LAVAGE
CONSTITUENTS IN RATS CO-EXPOSED TO QUARTZ AND COAL FLY ASH

J. L. KAW ¢« M, Waseem * A. K. Khanna
Industrial Toxicology Research Center, Lucknow, India

ABSTRACT

Coal fly ash is the major particulate pollutant present in the effluent stream of thermal power stations where
coal is burnt for generation of electricity. Co-exposure to fly ash and dusts rich in free silica occur in and
around industrial settings, particularly in developing countries, among stone cutters and workers engaged
in and around road and building construction.

The effect of coal fly ash on lungs and its potential to modify pathogenesis of pulmonary silicosis was in-
vestigated in rats. Exposure to coal fly ash alone resulted in concentration of the particulates within hyperplastic
alveolar macrophages, situated in the various compartments of the pulmonary parenchyma and the draining
lymph node. In spite of its long residence in lungs, fly ash elicited only a meagre fibrotic reaction. Quartz
exposed rats developed nedular silicotic reaction, comprised predominantly of reticulin and collagen fibers.
In silicotic animals exposed to fly ash the increase in lung weight, hydroxyproline contents and laying down
of collagen was less than in silicotic animals not exposed to fly ash. The elevated levels of soluble proteins,
content of lysosomal enzymes and the cellular constituents of the bronchoalveolar lavage were similarly
less in fly ash-quartz exposed rats than in those exposed to quartz alone.

No Pzper provided.
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INTERACTION OF MINERAL FIBRES WITH EXTRACELLULAR MATRIX
AND MESOTHELIUM AFTER INTRAPERITONEAL INJECTION IN RATS

J. FRIEMANN* « S. Gonzalezt * F. Potti * K. Junker* * B, Voss* » K-M. MULLER*

*Institut fir Pathologie an den Berufsgenossen-schafilichen Krankenanstalten ‘‘Bergmannsheil Bochum,”” FRG
fPontificia Universidad Catolica De Chile. Dep. De Anat. Pathol. Santiago
jMed. Inst. for Umwelthygiene an der Universitat Diisseldorf, FRG

INTRODUCTION

Serosal tests have proven as appropriate methods for detect-
ing the neoplastic potency and fibrogenicity of asbestos fibres
and man-made mineral fibres.*7:15.24.28.2% The results have
strongly supported the hypothesis, that besides the elongated
shape of the fibrous particles (lengths and diameter) their
dose, durability and possibly also their surface propertics may
be the cause of their pathogenic effects.36.16:22 The correla-
tion between fibre-induced fibrosis and the development of
mesotheliomas had been discussed contradictory and not yet
been fully understood.89.14.18.19.23.25.26 The mainty commer-
cially used kinds of asbestos crocidolite and chrysotile ob-
viously possess different fibrotic and neoplastic potency in
man,1:2:3,12,13,17.20.21.27 Because of this fact our studies on
rat omentum aimed first for the presentation of differences
in the composition of the extracellular matrix components
collagen types I and 11, ]aminin and fibronectin in crocidolite
and chrysotile-induced granulomatous lesions. In addition we
have examined in which way these fibrous natural dusts with
very different physico-chemical properties lead to malignant
transformation of the mesothelium. We have wondered, if
these mechanisms were the same, whick account for the
tumour-inducing effect of some man-made mineral fibres.

Material and Methods

Our investigations were carried out on omentums of
altogether 64 female Sprague-Dawley rats which had been
sacrificed under narcotization 8 hours to 15 months after in-
traperitoneal injection of 1.5 or 15 mg crocidolite (South
Africa, like UICC reference sample but fibre lengths greater)
and chrysotile B (UICC reference sample) either. The omen-
tums were divided into several parts and their preparation
and fixation in formaldehyde, cold phosphate-buffered (0,5
M, ph 7,4} 2,25% glutaraldehyde and 1,3% osmium fetrox-
ide for the light microscopical and the electron microscopical
examination were done in normal manner. Sections were
stained with HE chromo-trope-aniline blue, Prussian blue
or Toluidin blue and Uranyl acetate. Cryostat sections for
the immunofluorescence microscopical investigations were
incubated with specific antibodies against collagens types I
and IT1, the multifunctionat glycoprotein fibronectin and the
basement membrane glycoprotein laminin or with non-
immune-serum as described elsewhere.l! We further have
examined specimens of the omentums from long term car-
cinogenicity studies on natural and man-made mineral fibres

which were already referred in detail > In these in-
traperitoneal tests very low doses between 0.05 and 0.5 mg
asbestos, for example, have led to tumour incidences of about
20 to 80%. Only those animals have been chosen for our
light microscopical investigations, however, which had been
sacrificed in a bad health condition not earlier than two years
after the intraperitoneal injection of different fibrous dusts.
They have macroscopically shown no tumour growth. Doses
of all intraperitoneally applied dusts and the life-spans of the
animals after injection are listed in Table 1.

Results

Focal granulomatous lesions of the omentum have been found
only in those animals, which had been intraperitoneally in-
jected with more than 1 mg of either natural or man-made
mineral fibres in 1 ml physiclogical saline solution. Already
3 days after crocidolite administration the fibres have ac-
cumulated within the area of the ‘“milk spots’’ of the omen-
turn. These are circumscribed deposits of cells belonging to
the monocyte macrophage system especially in the area of
vascular branching. The granulomatous foreign body reac-
tions characteristically have had a large number of mono-
nuclear macrophages and multinucleated giant cells not only
within the first week but also in the end of the investigation
period. The crocidolite fibres are spread over the entire area
of the granulomatous lesions and they are deposited especially
at the surface of multinucleated giant cells in form of larger
accumulations (Figure 1B). Shorter fibres can also be seen
under the electron microscope within the cytoplasm of
macrophages. New collagen, especially type III, can be
demonstrated with the immunofluorescence microscope
already after 3 days. At that time you can electron
microscopically identify mainly macrophages and some lym-
phocytes in perivascular and submesothelial position.
Fibroblasts and myofibroblasts are nearly absent (Figure 2A).
There was a steady increase of fibrillogenesis throughout the
6 months studied immunofluorescence microscopically and
during this time the collagen fibres were distributed sym-
metrically between the macrophages all over the lesions
(Figure 1A).

On the other hand in chrysotile-induced lesions collagen types
I and III synthesis was limited on the periphery of the
granulomas (Figure 1C). Different to earlier reports
chrysotile fibre bundles could be shown in the center using
light microscopy (phase contrast or differential interference
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contrast) even up to six months (Figure 1D).2% They seem
to possess collagenolytic activity. The cellular debris lying

Table 1

between them can only be detected with the transmission elec-
tron microscope (Figure 2B).

Intraperitoneally Applied Natural Mineral Fibres (a) and Man-made Mineral Fibres (b)

Dosis Microscopically Life-span after
i.p. investigated i.p. injection
omentums
(mg) (n) (months)
a)
Crocidolite 1-15 32 <1-15
(S.Africa)
Chrysotile 1-15 32 <1-15
0,05 7 24-27
Actinolite 0,01 6 24-28
0,05 8 25-28
0,25 4 25-28
0,25 7 24-26
PVNO
Erionite, Oregon 2,00 3 28
Nollastonite 100 5 26-28
b)
Glass fibres 5 6 27-28
JM 104/475
Polypropylene 50 3 28
fibres
Kevlar fibres 20 2 27
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Figure 1. Asbestos induced fibrosis in the rat omentum 1-2 weeks after the i.p. injection of the dusts.
(A) and (B) Intact pericellular network of collagen type HI in crocidolite containing
granulation tissue.
((A) Immunofluorenscence microscopy 460 X;
(B} The same section as in (A) with light from the bottom and phase-contrast
460 X)
M: Multinuclear giant cells containing crocidolite fibres.

(C) and (D) Dissolution of collagen fibres (type II) and necrotic macrophages in the
center of chrysotile containing granulomas.
((C) Immunofluorescence microscopy 290 X;
(D) the same section as in {C) with light from the bottom and phase-contrast
290 X)
= Chrysotile fibres
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Figure 2. (A) 3-7 days after i.p. injection of crocidolite the granulomatous lesions
in the rat omentum are dominated by macrophages. Fibroblasts and
myofibroblasts are nearly absent. (EM 55.500X) Cr: Crocidolite.

{ B)Cellular debris and chrysotile fibres in the center of granulomas six
menths after i.p. injection of 15 mg/ml saline solution. (EM 7.000X).

1. Fatvacuoles
2. Chrysotile fibres

As we have reported elsewhere the glycoprotein fibronectin
can be found between and at the surface of macrophages in
crocidolite induced inflammatory infiltrates and especially
accumulates at the surface of very long crocidolite fibre
bundles.!? Therefore we have discussed the importance of
its opsonic activity in case of asbestos induced fibrosis. Also,
chrysotile fibres and clustered cellular debris were coated

596

with fibronectin (Figure 3). In this way delayed scarring of
the inflammatory reactions induced by chrysotile depositions
in the fat tissue of the omentum might be promoted too. The
scarring has not been finished 6 months afier chrysotile ap-
plication. Until this moment also the remarkable differences
in the vascularization of chrysotile and crocidolite induced
lesions continue (Figure 4). The surface properties of chryso-
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Figure 3. Immunofluoroscence microscopical demonstration of fibronectin (A) at the surface of
chrysotlle fibres and clustered cell detritus (B) in the center of a foreign-body granuloma
in the rat omentum 2 months after i.p. injection of the fibrous dust,

((A) Immunofluorescence microscopy 460X;
(B) The same section as in {(A) with light from the bottom, polarization and phase-contrast

460X)
m Chrysotile fibres

tile fibres seem not only to counteract the chemotactic and
opsonic activity of fibronectin but also a vascular sprouting.
In combination the reaction patterns of extraceltular matrix
components, crocidolite induces a well vasculated granula-
tion tissue and after 6 months much more fibrosis than
chrysotile (Figure 5 left on top). Around the latter foreign-
body-granulomas were formed with central necrosis and

collagenous connective tissue only in the periphery (Figure
5 at the bottom). Fibres containing granulation tissue and
granulomas, both howeyer, are no obligatory conditions for
mesothelial proliferation (Figure 5, right).

On the contrary even without contact to the focal dust con-
taining lesions we have found narrow connective tissue
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Figure 4. Dense vascularization of the granulation tissue induced by crocidolite fibres (A) and on-
ly in the periphery of a chrysctile containing granuloma (B).
((A) and (B) Immunofiuorescence microscopy with an antibody against the basement-
membrane glycoprotein laminin; (A) 190X, (B) 300X)

strands directly beneath the mesothelium already 7 days after
intraperitoneal injection of 15 mg crocidolite, for example
{Figure 6A). The covering cells were rounded, enlarged and
often multinuclear. They have never stored asbestos fibres.
In our opinion these changes can be conceived as a repair-
ing process of the submesothelial mesenchyme. They are not
only present in the fat areas of the omentum but also in the
normally very thin mesothelial duplicatures spread between
them (Figure 6B). The latier are the preferred localization
of the generally less intensive chrysotile induced submeso-
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thelial fibrosis which also last for months and years after fibre
administration. Even 28 months following the intraperitoneal
injection of not more than 0.05 mg chrysotile/m! fibrotic
thickening of the mesothelial duplicatures of the omentum
could be observed.

Although macroscopically the omentums from long term car-
cinogenicity studies showed no tumour growth we
microscopically have often found focal mesothelial prolifera-
tions associated with submesothelial fibrosis. In some ani-



Figure 5. Crocidolite comaining granulation tissue (left side
on top) and chrysotile-induced granulomas (left
side on the bottom) in the rat omentum as non
obligatory precondition of mesothelial prolifera-
tion (right side).

mals mesothelial proliferation has reached the intensity of
carly mesotheliomas infiltrating the underlying connective
tissue (Figure 7B). The activation of the submesothelial
mesenchyme and the mesothelial proliferation, both proved
to be a rather unspecific answer to injuries of the mesothelium
by fibrous dusts provided that the single particles were only
long and fine enough. These changes could be observed in
a similar way 28 months after intraperitoneal deposition of
the natural mineral fibres, type actinolite, and of man-made
mineral fibres as glass microfibres and Kevlar (Figure 7A).
They seem to depend in the quantity on fibre type only.

CONCLUSIONS

1. Phagocytosis of asbestos fibres is obviously mediated
by fibronectin and in early fibrosis macrophages may
be one place of collagen synthesis.

2. There are remarkable differences in the intensity of col-
lagen synthesis in crocidolite induced granulation tissue
with a symmetrical fibrillogenesis and in chrysotile in-
duced granulomas with central necrosis and newly
formed collagen fibres only in the periphery.

3. Natural mineral fibres and man-made mineral fibres
tested intraperitoneally induce lesions of the serosal sur-
faces which are followed by submescthelial fibrosis and
mesothelial proliferations up to the development of
malignant mesotheliomas. These changes seem to de-
pend in the quantity on fibre type only.
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Figure 6. (A) Submesothelial fibrosis without crocidolite fibres visible with the light microscope
(=) and adjacent proliferating mesothelial cells without close connection to the
foreign-body granuloma (m) on the right side of the figure, 7 days following
crocidolite administration.

(B) Cross section of mesothelia} duplicatures of rat omentum. 3 weeks after crocidolite
application the fibrotic thickening is remarkable.
((A) HE 74 X; (B): HE 60 X)
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Figure 7. (A) Proliferation of probably preneoplastic cells in the submesothelial tissue 28 months
after glass micro-fibre-induced injury of the mesothelial lining. (HE 400 X)
(B) Early mesothelioma of the mesothelial duplicature of rat omentum 21 months after

exposure to actinolite. (HE 360 X)
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INTRODUCTION

Quartz exposure is associated with lung fibrosis (silicosis)
and Type II alveolar epithelial cell hyperplasia is also com-
meoenly present.! Bronchoalveolar lavage studies using rats
in our own laboratories,2 and in humans,? have
demonstrated that there is leukocyte recruitment into the
lungs following inhalation exposure to silica. Studies on other
fibrotic lung diseases have stressed the importance of the
leukocytes of the alveolitis in the progression of disease via
release of important mediators.* We have therefore set out
to examine the ability of bronchoalveolar leukocytes from
rats exposed to silica by a single intratracheal instillation,
to cause injury to the extracellular matrix and cellular
elements of the alveolar septum in vitro. Leukocytes from
rats exposed to two other inflammogenic particulates—a heat
killed bacterial preparation and a yeast cell wall preparation
(zymosan)—were similarly assessed, for comparison with
quartz.

MATERIALS AND METHODS
Animal Model of Silicosis

Syngeneic PVG rats, SPF bred, were exposed by in-
tratracheal instiliation to 1 mg of DQ,, standard quartz. As
controls, the heat killed bacterial preparation Cor-
ynebacterium parvum was also injected as was the yeast cell
wall preparation zymosan; both of these particulates are
known to cause inflammation. Bronchoalveolar leukocytes
were obtained by lavage as described in detail elsewhereS
at various time points after injection. In this mode! quartz
exposure causes fibrosis, Type II epithelial cell hyperplasia
and alveolar lipoproteinosis beyond 1 month exposure which
are evident in histological sections of exposed lung.

Assay of Leukocyte-Mediated Type Il
Alveolar Epithelial Cell Injury

This assay is described in detail elsewhere® and involves
labelling of Type II alveolar cell line (AS549) with 3\Cr,
Bronchoalveolar leukocytes are then added to the labelled
cells in microtitre wells and co-cultured for 4 hours; the abili-
ty of the leukocytes to cause lysis or detachment of the
epithelial cells is assessed.

Assay of Leukocyte-Mediated
Proteolysis of Fibronectin

Leukocyte-mediated proteolysis of fibronectin was assessed
vsing a solid phase assay of 1PI-labelled fibronectin in
microtitre plate wells. This assay has been described in detail
elsewhere’ and measures protease-mediated injury. The
leukocyte-mediated proteclyic activity shown here against
fibronectin is also active against >[-labelled collagen and
laminin. Leukocytes are cultured on the solid phase of 15]-
labelled fibronectin and allowed to degrade the matrix for
4 hours; products of proteolysis of fibronectin are measured
as free counts in the supernatant.

Leukocyte Separation

Whole inflammatory bronchoalveolar leukocyte populations
from quartz-exposed rats were separated by centrifugation
through Sepra-Cell medium into macrophage and neutrophil-
enriched fractions.

Statistical Analyses

Results were analysed by analysis of variance and differences
in treatments compared for significance using a ‘t’ test.

RESULTS

Inflammation Caused by a Single Injection of Silica,
C. parvum or zymosan

Figures 1 and 2 show the total number of bronchoalveolar
leukocytes and percentage neutrophils lavaged from rats in-
jected intratracheally with quartz, C. parvum or zymosan.
All three particles caused initial burst of inflammation
characterized by recruitment of large numbers of leukocytes
containing high proportions of neutrophils. In the case of C,
parvam and zymosan this initial alveolitis was followed by
a return to the normal situation where no neutrophils were
present although the numbers of macrophages remained
raised indicating a mild macrophage alveolitis. In the case
of quartz, however, an intense macrophage/neutrophil
alveolitis persisted until at least one month. Previous studies
have shown that this alveolitis persists for up to three
months.?

603



Animal Models—Pnevmoconiosis IV

60
250 QUARTZ
é .
40 %
|
=130
ot
220
!—
0 [ e d——f—d
Oy e} OSALINE
¢ ) 0
DAYS ¥

Figure I. Total leukocytes in bronchoalveolar lavage up to
30 days after instillation of saline, quartz, C. par-
vum or zymosan into the lungs of rats. Data is
mean + standard deviation from 3 rats. Signifi-
cant (P<0.01-0.001) increases with all par-

ticulates compared to saline.
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Figure 2. Percentage neutrophils in bronchoalveolar lavage
up to 30 days after instillation of saline, quartz
C. parvum or zymosan. Data derived as in legend
to Figure 1. Significant (P<0.01-0.001) increases
in percentage neutrophils, compared to saline, for
guartz at all time points and for C. parvum and
zymosan at 1, 3 and § days.

Activity of Bronchoalveolar Leukocytes
in Breaking Down Fibronectin

As shown in Figure 3 the bronchoalveolar leukocytes ob-
tained from the lungs following injection of different parti-
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cles showed varying abilities to break down fibrenectin. Dur-
ing the acute inflammatory phase the leukocytes from lung
exposed to all three particulates were capable of breaking
down fibronectin. However, only quartz was capable of
eliciting a sustained high level of proteolysis, in keeping with
the persistence of the inflammation in quartz-exposed lung.
It was notable that the ability to break down fibronectin cor-
related strongly with the presence of neutrophils.
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Figure 3. Proteolytic activity against fibronectin shown by
bronchoalveolar leukocytes from rats injected with
the indicated particulates. Data expressed as a
percentage of the activity shown by control bron-
choalveolar leukocytes.

Injury to Alveolar Epithelial Cells Caused by
Bronchoalveolar Leukocytes

Bronchoalveolar leukocyte populations elicited with quartz
or C. parvum were tested for their ability to cause injury
to cells of an alveolar epithelial cell line in vitro. Both C.
parvum-elicited bronchoalveolar lavage cells obtained after
one day (70-90% PMN) and 5-day quartz leukocytes (50%
macrophages/50% neutrophils) were capable of causing the
target cells to detach from the sub-stratum (Figure 4). There
was no lytic injury to the target cells and the detachment in-
jury could be completely inhibited by protease inhibitors such
as alpha 1-protease inhibitor 6

We have also examined the ability of leukocytes from the
lungs of rats chronically inhating coalmine dust to mediate
injury. This showed that rats exposed, by inhalation, for 48
days to coalmine dust collected from the air of a British
colliery’ also caused epithelial injury and degradation of
fibronectin (Figure 5).

Cellular Origin of Epithelial Cell Detaching
Injury in Quartz-Elicited Bronchoalveolar
Leukocyte Populations

As shown above, high proportions of neutrophils seem to
accompany fibronectin-degrading and epithelial-injuring ac-
tivity in the inflammatory leukocyte populations which we
have examined. To determine whether the macrophages
could also be producing proteolyic activity against fibro-
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Figure 4. Detachment injury caused to alveolar epithelial
cells in vitro by co-culture with control, quartz or
C. parvum elicited bronchoalveolar leukocytes.
All data given as mean + SEM of triplicate cells
in 3 separate experiments, Significantly increased
detachment caused by quartz and C. parvum treat-
ment (p<0.001).
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Figure 5. Detachment injury and fibronectin degradation
caused by control bronchoalveolar leukocytes and
bronchoalveolar leukocytes from rats inhaling
coalmine dust for 45 days. Significant increases
(P < 0.001) in both parameters with coalmine dust
exposed bronchoalveolar leukocytes compared to
controls.

nectin, and causing detachment injury, the 5 day quartz bron-
choalveolar leukocytes were separated into macrophage-
enriched and neutrophil-enriched populations. These were
then tested for their ability to cause epithelial cell detach-
ment injury. Figure 6 demonstrates that separation of the
mixed population into the enriched populations resulted in
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very high levels of epithelial injury being caused by the
neutrophil-enriched fraction. However, despite the
macrophage-enriched fraction containing only 5% PMNs,
this population caused 5-fold more detachment injury than
control alveclar macrophages.
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Figure 6. Cellular composition (upper panel) of, and detach-
ment injury (lower panel) caused by, whole
quartz-elicited bronchoalveolar leukocytes and
both macrophage-enriched and neutrophil-
enriched fractions obtained from it. Proportions
of neutrophils and macrophages shown as mean
percentage. Detachment injury shown as mean +
SEM of cpm in detached cells.
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DISCUSSION

This study has shown that a single injection of silica into the
rat Jung causes a long-term alveolitis. The alveolitis is
characterized by a 3-12 fold increase in bronchealveolar
leukocytes comprising 30-40% neutrophils. Intratracheal in-
stillation of a heat-killed bacterial preparation (C. parvum)
or yeast cell walls (zymosan) also caused large scale burst
of inflammation immediately following injection but these
resolved quickly, returning to near normal levels by 15 days.
Thus the initial severity of the alveolitis is not the main fac-
tor determining the persistence of silicotic inflammation in
the intratracheal model.

The exact events which engender persistent inflammation
with silica are speculative but cytoxicity of quartz towards
alveolar macrophages might be central. The consequence of
silica-induced alveolitis is likely to be fibrosis since the ability
of inflammatory leukocytes to mediate further damage and
pathological change in the lung is well established for a range
of aetiologic agents.? In an attempt to understand which
leukocyte-derived injurious factors might be important in the
development of quartz-related pathology we examined the
ability of the leukocytes from quartz-exposed lung to break
down fibronectin. During the acute inflammation engendered
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by C. parvum and zymosan there were high levels of pro-
teolyic activity present; the levels of protease however re-
turned to normal within 15 days. An examination of the pro-
teolytic activity of quartz-elicited leukocytes showed that this
proteolytic activity, capable of breaking down fibronectin
and other connective tissue elements’ and so generating
chemotaxin!® and causing epithelial injury and basement
membrane damage,® was 4, present persistently, and in in-
creased quantities, for up to 1 month following quartz in-
stillation; previous studies suggest that this inflammation and
hence the increased protease burden persist for up to 3 months
and possibly Jonger. The total proteolyic burden of the lung
is not reflected adequately as the increase, on a per cell basis,
in dust-elicited bronchoalveolar leukocytes since the total
number of leukocytes is also increased. If the increase in cell
numbers is taken into consideration (a 16-fold increase on
day 30) this produces a greater than 30-fold increase in the
total protease burden of the lung following silica exposure
for 30 days. Although the present study has utilized in-
tratracheal instillation we have found that inhalation exposure
to a pneumoconiotic dust (coalmine dust containing quartz)
also caused an alveolitis producing greatly enhanced lung
burdens of fibronectin-degrading activity.!!

The ability of inflammatory bronchoalveolar lavage
leukocytes to injure epithelial cells correlates with proteolyic
activity® and so we examined this aspect of injury produc-
tion by quartz bronchealveolar leukocytes. The quartz bron-
choalveolar leukocytes caused detachment injury which ap-
peared to be mediated by both macrophages and neutrophils
as shown by separation studies where the different leukocyte
types were obtained in enriched form. It is therefore possi-
ble to conclude that the bronchoalveolar macrophages from
quartz-exposed lung are activated with regard to proteolyic
activity. The time course studies with C. parvum revealed
& modest macrophage alveolitis present beyond 15 days but
this population was not activated with regard to protease pro-
duction. The fact that the cell numbers were increased com-
pared to controls argues for the fact that this did indeed repre-
sent an mﬂammatory populatlon albeit one which was not
characterized by increases in meutrophils. It is possible
therefore that only inflammatory macrophages from mixed
populations, where neutrophils are also present, show in-
creased proteolytic activity. A likely explanation for this is
that the alveolar macrophages from such populations have
internalized neutrophil elastase as has been previously
reported.!2 It was noteable that the neutrophil-enriched frac-
tion had twice the proportion of neutrophils found in the
whole population but produced a 3-fold increase in detaching
activity. This suggests that either the separation procedure
caused activation of neutrophils or that macrophages sup-
pressed neutrophil proteolytic activity in the mixed
populaticn.

This study has shown that a single deposition of 1 mg of
quartz in the rat lung causes a prolonged and intense alveolitis
characterized by increased proteolytic activity of bron-
choalveolar leukocytes, capable of causing injury to the
epithelial and matrix elements of the alveolar septum. The
results strongly suggest that leukocytes from rats exposed
by inhalation to pneumoconiosis-producing dust also have
these properties and that both macrophages and neutrophils
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express this injurious proteolytic activity, although in the case
of macrophages this may be due to sequestered neuntrophil
elastase.
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INTRODUCTION

Hydrogen sulphide (H,S) toxicity is one of the leading
causes of sudden death in the work place. Hydrogen sulphide
occurs naturally in coal, oil and natural gas deposits, and
is also produced by anaerobic decomposition of sulphur con-
taining organic matter. it is used extensively in industry and
more than 70 occupations are potentially exposed to H,S.%
The problem of H,S toxicity is particularly acute in Alberta;
approximately one in six gas wells emit sour (H,S) gas, and
the major emphasis of sulphur containing energy resources
in the province has increased the risk of exposure for workers
in the petro-chemical industries and the general public.’

H;S is both an irritant and asphyxiant gas which exerts its
primary toxic effects on the respiratory and neurologic
systems.* Fatal cases almost invariably exhibit fulminant
hermorrhagic pulmonary edema as well as cerebral edema
and severe damage to the conjunctiva, clfactory nasal mucosa
and upper respiratory tract.!~ Similar findings are observed
in experimental animals.414.15.16

The mechanism for H,S induced pulmonary edema is not
understood. H,S induced paralysis of the respiratory con-
trol centre and/or stimulation of carotid body receptors, may
be involved.*3? There is also evidence that H,S is directly
toxic to the lungs. H,S is only moderately soluble, and is
able to penctrate to the lung periphery. Injury to the
alveolar/capillary membrane would result in increased
vascular permeability and edema.!® The high protein and
cellular content in the alveolar fluid in experimental H,S ex-
posure support the latter possibility.!4 A direct toxic effect
on the respiratory system is also indicated by the observa-
tion that pulmonary edema occurs at exposure levels below
those associated with severe central nervous system
depression.

A further possible mechanism for H,S induced pulmonary
edema might involve stimulation and release of vasoactive
neuropeptides from wvagal nerve fibres. Unmyelinated
postganglionic nerves of the C-fibre group contained in the
vagus nerve, are important mediators of neurogenic inflam-
matory responses in the lung. This response is mediated by
a specific neurotransmitter known as substance P which, in
part, is responsible for increased vascular permeability and
edema occurring during the acute stages of lung inflamma-

tion. 18.19.11.6 In addition to modulating vascular permeability
in the respiratory tract, substance P is a potent constrictor
of bronchial smooth muscle, stimulates mucociliary activity
and promotes mucous secretion in the airways.23-2628 Im-
munohistochemical studies have revealed a rich plexus of
substance P containing nerve fibres within and beneath air-
way epithelium, and around blood vessels and seromucous
glands.20-2! Capsaicin, the main pungent ingredient of hot
peppers, is a vanilly/amide derivative that produces selec-
tive depletion of tachykinins, including substance P, in C-
afferent fibres.12

In view of the important role of substance P in airway in-
flammatory responses, we decided to study the effects of
hydrogen sulphide in animals previously depleted of
substance P. This report will focus on the pathophysiology
of the airway lesions. The vascular and edemogenic compo-
nent will be published in detail elsewhere. In addition, the
histological changes induced in the lungs of animals exposed
to H,S were compared with those observed in the lungs of
human cases of fatal hydrogen sulphide exposure.

REVIEW OF WORKPLACE EXPOSURES
IN ALBERTA, 1977-1986

One hundred and sixty two lost-time workman’s compensa-
tion cases were recorded in Alberta in the decade
1977-1986.2 The majority of these (68%) involved ex-
posures in the oil and gas industry. 79% were aged 34 or
less. There were 21 fatalities; most of these occurred in
facilities where the dangers were known and protective equip-
ment was available. Eight fatalities were a direct result of
failure to follow correct safety practices. 87 % of all workers
exposed to H,S developed respiratory system symptoms. In
all cases where H,S intoxication was the primary cause of
death, autopsy revealed pulmonary edema. (Figure 1)

ANIMAL STUDIES

Materials and Methods

Thirty-six male, Fischer-344 (CDF24Cr1BR), eight week
old rats (Charles River, Inc., Quebec) were obtained for this
study and acclimatized for ten days under carefully controlled
conditions.?* The guidelines provided by the Canadian
Council of Animal Care, were followed throughout all phases
of the study.” At the time of exposure, the rats weighed
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Figure 1. Microscopic appearance of lungs from human fatal case of acute H,S intoxication.

A. The alveoli are flooded with hemorrhagic edema fluid. Polymorphonuclear cells

are noted in the alvecli and marginating along vessels in the alveolar interstitium.
(Hematoxylin and eosin x 150)

138.4 +4.8 gms. Rats were assigned to one of four different
groups using a randomized model (Table I). Within one hour
of termination of exposure, rats were anesthetized with
Halothane (5%) and exsanguinated by incising the abdominal
aorta.

Depletion of Substance P

Capsaicin (Rotichrome® Carl Roth) was dissolved in 10%
alcohol and 10% tween 80. In the treated group, capsaicin
was administered to a total dose of 150 mg/kg subcutaneous-
ly, in eight divided doses over a period of two days. The
acute effects of capsaicin were reduced by pretreatment with
aminophylline 10 mg/kg IP. Rats of the control group re-
ceived physiologic saline and aminophylline.

Hydrogen Sulphide Exposures

Fourteen days after the last injection of capsaicin or saline,
rats were divided into four groups and exposed for four con-
secutive hours to either air or H,S. The concentration of gas
in the two H,S chambers is shown in Table 1. The H,S ex-
posure system has been described in detail elsewhere.24 A
schematic diagram of the exposure system is shown in Figure
2. The chamber atmosphere was sampled every two minutes
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and analyzed by gas chromatography (Model 5790A, Hewlett
Packard®).

Bronchoalveolar Lavage and
Protein Determination

The left lung was cannulated and three consecutive bron-
choalveolar lavages performed. The protein concentration
(g/1) in the lavage fluid supernatant was determined using
methods previously reported.!4

Light and Electron Microscopy

The tracheas of subgroups of rats were cannulated and the
lungs inflated with 2.5% glutaraldehyde (320 M Osmol) at
a constant pressure of 20 ¢m of water for 30 minutes in sita,
They were then removed from the thoracic cavity and al-
lowed to fix for twenty-four hours, Following fixation, blocks
were processed for routine light microscopy and 5 g sec-
tions were mounted on glass slides and stained with
hematoxylin-eosin. I

For scanning electron microscopy and morphometry, the in-
trapulmonary porticn of the left main bronchus was excised
with adjacent lung and dehydrated in graded concentrations
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Figure 1. Microscopic appearance of lungs from human fatal case of acute H,S intoxication.
B. Section of main bronchus showing ciliated epithelial cell exfoliation and mucosat
edema. (Hematoxylin and eosin x 400)

Table 1
Experimental Design

Hydrogen sulphide (mg m3)

Treatment
0 HyS (1) HyS (2)
Capsaicin 6% 6% 6%%
Saline 6% 6% 6%%
Total number of rats = 36
(1) actual concentration 559 + 144 mg m3
(2) actual concentration 525 + 87 mg m>
* for bronchoalveolar lavage
%%

for histopathology
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Figure 2. Diagram of the H,S exposure system.
with permission, Canadian J. Vet. Res. 1988;
52:375.

of ethyl alcohol, critical point dried and coated with
gold/palladium. The specimens were examined in a Hitachij
5-450 scanning electron microscope. Five approximately
equally spaced photographs were obtained of the proximal
3 mm of the left intrapulmonary bronchus at 1000 x
magnification and constant working distance. The density
of ciliated and nonciliated epithelial cells, expressed as a per-
cent of the total area, was determined for each photograph
using a Dapple® image analysis system.

Detection of Substance P
Substance P was detected in tissues using an indirect immuno-
fluoresence technique?’ and examined using a Reichert-Jung

Polyvar microscope, equipped with filter system Bl (excita-
tion wavelength 450495 nm).

Statistical Analysis

The effect of capsaicin and/or H,S on mortality was tested
by the Fischer Exact Test. The effects of capsaicin and H,S
on airway epithelial cells was tested by analysis of
variance.2

RESULTS

Sections of lung and trachea stained by immunofluorescence
for substance P, showed staining of nerve fibres in the
mucosa of the trachea and within the walls of smal} airways
and around blood vessels in the lung.The density of fibres
was greatest in the trachea and least in the peripheral lung.
Animals treated with capsaicin showed almost complete
depletion of substance P containing nerve fibres.

Animals pretreated with capsaicin showed normal weight
gain and exhibited no signs of toxicity or mortality prior to
exposure. Exposure to H,S for four hours, produced 100%
mortality in the capsaicin treated animals and 20% mortali-
ty in the saline treated controls. (Table IT) At postmortem
examination, frothy blood-stained fluid was noted to exit
from the mouths and noses of all animals dying from
hydrogen sulphide exposure. The lungs of these animals were
deeply congested and failed to collapse when the thorax was
opened. Histological examination of the affected lungs re-
vealed large quantities of hemorrhagic and highly pro-
teinaceous fluid within the alveolar spaces. Edema fluid was
also noted in perivascular and interstitial locations.

Animals exposed to H,S alone, showed significantly more
protein in bronchoalveolar lavage fluid than was seen in air
exposed saline or capsaicin pretreated animals. This effect
was even greater in animals pretreated with capsaicin and
then exposed to H,S, Animals pretreated with saline and ex-
posed to H,S, showed a significant increase in lung wet
weights. This effect was even greater in animals pretreated
with capsaicin.

Table I

Mortality (%), and Substance P in Rats Pretreated with Saline Solution or
Capsaicin and Exposed to Hydrogen Sulphide

Air HyS
Variable
Saline Capsaicin Saline Capsaicin
Substance P + -
Mortality (%) ] 0 20 100%
* P<0.05
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Examination of large and small conducting airways by light
and scanning electron microscopy revealed evidence of
severe mucosal damage following H,S exposure. The
changes were most marked proximally and occasional areas
of ulceration were noted in the mucosa of the trachea but
not in the major bronchi. (Figure 3) The primary finding in
the

Animal Models—Pneumoconiosis IV

major conducting airways was wide-spread exfoliation of
epithelial cells with lateral spreading of basal and intermediate
cells. (Figure 4) The bronchioles were relatively spared of
toxic effects. The effects noted above were much more severe
in animals pretreated with capsaicin and subsequently ex-
posed to H,S. (Figure 5) The results of morphometric eval-

1.
]
:
£
o

o

T
e

. W,

o,

Figure 3. Scanning electron micrograph of area of ulceration in trachea from saline pretreated rats

exposed to H,S for 4 hours. (x 2000)
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uation of the extent of loss of ciliated epithelial cells in the
left main bronchus, are shown in Figure 6. There is evidence
of an additive effect attributable to capsaicin alone p=0.0003

and an additive effect attributable to hydrogen sulphide p=0.003.
There was no evidence that the effect of capsaicin depended on

the presence or absence of hydrogen sulphide p=0.61.
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Figurc 4. Scanning electron micrograph of left main bronchus from saline pretreated rat exposed
to 559 mg M? H,S for 4 hours. There is exfoliation of ciliated epithelial cells with lateral
spreading of basal and intermediate cells. (x 2000)
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DISCUSSION results are similar to those previously reported from this
These experiments confirm the previously reported findings laboratory with this strain of rat where the LC50 and LC10
concerning the toxic effects of H,S on the lungs. Animals values for four hours of exposure were 701 and 591 mg per
exposed to H,S without capsaicin pretreatment, had a 20% m?, respectively.2 The exposure concentration was selected
mortality at an average concentration of 542 mg M?. These such that there would not be significant mortality in normal
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Figure 5. Scanning electron micrograph of left main bronchus from: (A) air-exposed, saline
pretreated rat. Approximately 50% of the mucosal surface is ciliated.
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exposed to H,S. Animals pretreated with capsaicin and

subsequently exposed to H,S, also had more severe
the lavage fluid and heavier lungs postmortem. Although to

pulmoenary edema with greater concentrations of protein in

rats. Animals pretreated with capsaicin and exposed to the

same concentration of hydrogen sulphide, showed 100%

mortality. In addition, the animals died at an earlier time dur-
ing exposure than aimals pretreated with saline and then
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Figure 5. Scanning electron micrograph of left main bronchus from: (B) saline pretreated H,S ex-

posed rat showing loss of ciliated epithelium.
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some extent these changes could reflect transudation of fluid The airway lesions noted in the H,S exposed rats are similar
into the lungs postmortem, we consider this unlikely in view to those reported for sulphur dioxide.”2 The lesions were
of the magnitude of the effect. most severe in the proximal airways with relative sparing
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Figure 5. Scanning electron micrograph of left main bronchus from: (C) capsaicin pretreated H,S
exposed rat showing greater loss than is seen in B, (x 1000)

615



Animal Models—Pneumoconiosis IV

sol
S »~
70T 9.4
Proportion i
Ciliated 15
. . i c
Epitheliun 6o 12.6
(2) !
C
se+
C——¢C (Capzaicin Treated)
§——8 (Saline Treated)
° 00

Hydrogen Sulphide (ppn)

Figure 6. Proportion of airway mucosa occupied by ciliated
epithelium by group. H,S exposure alone and
capsaicin pretreatment alone result in loss of
ciliated epithelium. Capsaicin plus HS has an ad-
ditive effect.

of the bronchioles and alveolar ducts. Previous studies have
shown that the respiratory and olfactory epithelial cells of
the nasal mucosa are also very sensitive to H,S induced in-
jury.1s This pattern of injury is consistent with the moderate
solubility of H,S in water. Scrubbing of H,S (as H,50;) in
the nasal passages and upper airways should result in max-
imal concentrations of gas proximally with greatest injury
to this site.

The mechanism of irritant and oxidant gas injury of the up-
per airway has been extensively studied. (reviewed in 22)
Ciliated epithelial cells appear to be more susceptible to in-
jury than non-ciliated cells. This is true for SO,, O; and
NO,2.13 and based on this sy, appears to be also true for
H,S induced injury. Lipid peroxidation is probably the
primary biochemical mechanism for cell injury due to oxi-
dant gases. The mechanism of cellular toxicity due to H,S
is likely to be different. H;,S is toxic to a number of cellular
systems and biochemical pathways,3* however the ability
of H,S to react with metal ion-containing proteins is prob-
ably of primary importance. H,S is able to reduce one of
the hemes of the intracellular mitochondrial enzyme
cytochrome C oxidase, thus interfering with oxidative
metabolism. (reviewed in 3) H,S is reported to be 2 more
potent inhibitor of cytochrome oxidase than hydrogen
cyanide.® H,S also interacts with succinic dehydrogenase,
catalase and peroxidase and these interactions may also be
important in promoting epithelial injury.
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Injury of airway epithelivm results in cytoskeletal abnor-
malities and disruption of the tight junctions between the
epithelial cells. This leads to an increase in paracellular
permeability and exfoliation of the ciliated cells. (reviewed
in 22) The repair process is initiated immediately as the re-
maining viable non-citiated epithelial cells spread laterally
to maintain the epithelial barrier, The data presented in this
paper indicate that a similar sequence of events occurs follow-
ing H;S injury.

An unexpected finding in this study was the demonstration
of a potentiating effect of neuropeptide depletion on H,S in-
duced airway injury. Thompson et al.2? have demonstrated
that airway responsiveness to toluene diisocyanate in guinea
pigs is mediated by capsaicin sensitive afferent nerves. These
findings indicate a role for tachykinins in pulmonary defense
mechanisms against inhaled toxic agents and in the
maintenance of structural integrity of the airway mucosa.
Studies are underway to fully characterize this phenomenon
and elucidate the mechanisms.
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