Scand J Work Environ Health 1995,21 suppl 2:27—9

Neoplastic lung lesions in rat after chronic exposure to crystalline silica
by Hartwig Muhle, PhD," Birgit Kittel, DVM," Heinrich Ernst, DVM,' Ulrich Mohr, MD?,

Robert Mermelstein, PhD?

Muhle H, Kittel B, Ernst H, Mohr U, Mermelstein R. Neoplastic lung lesions in rat after chronic exposure to crystalline
silica. Scand J Work Environ Health 1995;21 suppl 2:27—39.

Groups of 100 SPF Fischer-344 rats were exposed 6 h a day, 5 d a week for 24 months to crystalline silica (1 mg - nv?,
DQ 12 quartz) or titanium dioxide (5 mg - m®) or air only. The animals were kept without further exposure for an
additional 1.5 months. In the group exposed to crystalline silica a significantly increased incidence of 20 primary lung
tumors was observed among 19 animals. The distribution of tumor types consisted of 3 adenomas, 11 adenocarcinomas,
4 benign cystic keratinizing squamous-cell tumors, 1 adenosquamous carcinoma, and 1 squamous-cell carcinoma.
There were also 13 nodular hyperplasia lesions, which were interpreted to be borderline cases of adenomas. Approxi-
mately half of the adenoid tumors and all of the nodular hyperplasia lesions were characterized by moderate central
fibrosis. The principal nonneoplastic findings in the silica-exposed group were lipoproteinosis, inflammation, epithelial
hyperplasia, and fibrosis. The results can be considered significant due to the increased lung tumor incidence at a

relatively low exposure level.
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This investigation was designed as part of a more comprehensive
study in which the biological effects of long-term inhalation of a
special test toner material, enriched in respirable particles, was
evaluated. Two materials, titanium dioxide and crystalline silicon
dioxide (silica), were used as positive and negative controls for
fibrogenicity. First, results of effects after quartz exposure were
published as a brief communication (1). Details of the entire study
have been reported separately (2, 3).

Materials and methods

The silicon dioxide (SiO,), type DQ-12, used in the study originat-
ed from Bergbauforschung, Essen, Germany (4). X-ray diffraction
analysis indicated 87% crystallinity as o-quartz. The mass me-
dium aerodynamic diameter (MMAD) was about 1.3 um with a
geometric standard deviation of 1.8, and the respirable fraction
was 74% according to criteria of the American Conference of
Governmental Industrial Hygienists (ACGIH). Titanium dioxide
(Ti0O,), type “Bayertitan T,” was obtained from Bayer AG,
Krefeld, Germany. A chemical analysis showed the material was
99.5% rutile TiO,. The mass median aerodynamic diameter was
about 1.1 pm with a geometric standard deviation of 1.6, and the
respirable fraction was 78% according to the ACGIH criteria.

A dry aerosol dispersion technique was used (5). Groups of
viral antibody-free specific pathogen-free Fischer-344 rats were
exposed to crystalline silica (I mg-m™) and titanium dioxide
(5 mg - m?) in a two-year study. A third group inhaled filtered air
and served as controls. The rats (50 male and 50 female rats per
group, 8 weeks of age at the start of the study) were exposed in

horizontal flow type whole-body inhalation chambers for 6 h a
day, 5 d a week for 24 months under specific pathogen-free (SPF)
barrier conditions. The final sacrifices started six weeks after the
end of the exposure period. The measured virology, bacteriology,
and parasitology parameters were within normal limits or negative
during the study (2, 3). The degree of fibrosis was graded accord-
ing to Wagner (6).

Results

No treatment-related effects on life span or causes of death were
observed. The median life span was 750 d after the start of expo-
sure, corresponding to a median life span of 806 d for all the
animals.

The wet-lung weight of the silica-exposed animals doubled,
while the TiO,-treated animals had lung weights similar to those
of the control group. The mean retained particle mass was 2.72 mg
per lung for the TiO, group and 0.91 mg per lung for the silica
group at the end of the exposure period (pooled data of males and
females (3). The fraction of the material retained in the lung-
associated lymph nodes of the silica-exposed rats was much high-
er than that of the TiO,-exposed group at all time intervals. This
finding suggests progressive and massive movement of the crys-
talline silica from the lung to the lung-associated lymph nodes.
Significant cytological changes in the bronchoalveolar lavage fluid
and substantial alveolar clearance retardation were observed (2, 3).

The principal nonepithelial findings, which increased with sili-
ca exposure, were as follows. Multifocal lipoproteinosis was seen
in the silica-exposed group with and adjacent to fibrotic areas, and
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cholesterol clefts were also present. Foamy macrophages contain-
ing lipoid substances were observed in 98% of the rats after silica
exposure and in only 1% of the rats after TiO, treatment. Intra-
alveolar and interstitial inflammatory cell infiltrates consisting
mainly of polymorphonuclear leukocytes were seen in about 70%
of the rats after silica exposure. This effect was not observed in
the control and TiO,-exposed groups. A moderate degree of lung
fibrosis was observed in 92% of the silica-exposed rats by the
termination of the study. The fibrosis was generally multifocal
and predominantly located in the subpleural and peribronchiolar
region. The lung collagen content was more than doubled. A small
but statistically insignificant incidence of fibrosis was seen in the
TiO,-exposed group.

Epithelial alterations. Bronchoalveolar hyperplasia of the
alveolar type, characterized by type 1l pneumocytes, was a rare
finding in the control group and occurred in only a few cases in
association with alveolar histiocytosis. In the TiO,-exposed group,
this lesion was observed in 9% of the rats. Among the silica-ex-
posed animals, an increase in bronchoalveolar hyperplasia from a
slight to a moderate multifocal degree was observed during the
exposure period. In these animals, the alveolar walls close to the
bronchoalveolar junction (centroacinar region) were lined with a
single layer of cuboidal, basophilic cells. At the end of the expo-
sure period, bronchoalveolar hyperplasia was also seen in
subpleural areas and in areas of fibrosis and inflammation. In 95%
of the silica-exposed rats, bronchoalveolar hyperplasia was also
observed.

A focal to multifocal bronchoalveolar hyperplasia of the bron-
chiolar type, characterized by ciliated cells and Clara cells, was
observed in about 80% of the silica-exposed rats. In the females
this lesion was medium, whereas in the males the effect was less
pronounced.

In the silica-exposed group at the time of death 13 cases of
nodular bronchoalveolar hyperplasia were apparent which were
interpreted as borderline cases to adenomas. The occurrence of
nodular hyperplasia was about equally distributed between both
genders. These well-circumscribed lesions had a size of up to
3 mm in diameter and were composed of a single layer of cuboidal
to columnar basophilic cells. The alveolar lumina were filled with
polymorphonuclear neutrophilic leukocytes and cell debris, and
the interstitium was also severely infiltrated by polymorphonuclear
neutrophilic leukocytes. Moderate fibrosis was often observed in
the center of the nodular hyperplasia. This type of preneoplastic
effect was not detected after the TiO, exposure.

Keratinizing squamous-cell metaplasias were found in the sili-
ca-exposed animals, in 5 of 50 males and 13 of 50 females. Focal
or multifocal squamous cell metaplasias were also observed.

Lung tumors, An increased incidence of lung tumors was ob-
served in the silica-exposed group. Altogether 20 primary lung
tumors were found in 19 animals. Two tumors, an adenoma and an
adenocarcinoma, were observed in separate areas of the lung of
one male silica-exposed rat. The distribution of tumor types con-
sisted of 3 adenomas (1 male), 11 adenocarcinomas (3 males, 8 fe-
males), 4 benign cystic keratinizing squamous-cell tumors
(2 males, 2 females), I adenosquamous carcinoma (male), and
1 squamous-cell carcinoma (male). Thus a total of 12 lung tumors
were observed among the female rats, whereas among the males
8 lung tumors were found. Details of the results are shown in ta-
ble 1. With a total number of 15 out of 20 lung tumors, the preva-
lence of adenoid tumors was surprisingly high. With one excep-
tion, all adenoid tumors were located in the large lung lobes (lobus
sinister and lobus dexter caudalis). The adenoid tumors can be
separated into two different groups: one type with severe, mostly
central fibrosis and the other without significant fibrosis. In the
group without severe fibrosis (7 cases) a solid appearance of the
tumor was found in two cases. In two other cases there was an ir-
regular proliferation on the alveolar septae, and in three cases a
central tubular structure was observed. Five of six adeno-
carcinomas were not clearly demarcated and showed local infiltra-
tive growth. Three of these tumors invaded bronchi, blood vessels,
or lymphatic vessels. In two adenocarcinomas, which were classi-
fied as being of a nonfibrotic tumor type and which were investi-
gated by electron microscopy, the tumor cells showed signs of type
II pneumocytes.

The adenoid tumors associated with moderate fibrosis (8 cases)
showed a centrally and usually radially structured fibrosis. The
epithelial component either built up small lumina, as in nodular
hyperplasia, or showed tubular structures. Usually these tumors
were infiltrated by polymorphonuclear neutrophil leukocytes. Two
of these tumors showed an invasive growth into blood vessels and
bronchi.

Discussion

The incidence of neoplastic changes found in controls and in the
TiO,-treated rats was comparable and not in excess of the histori-
cal data (7).

After the exposure of rats to a broad spectrum of tumor types
was observed. These tumors were located predominantly in the

Table 1. Principal lung histopathological findings. (A = adenoma, AC = adenocarcinoma, ASC = adenosquamous carcinoma, KSCT = keratinizing cystic

squamous-cell tumor, SCC = squamous-cell carcinoma)

Number of rats Tumor Nonneoplastic lesions?
investigated — -
(equal number of Number of Number and type of tumor Fibrotic foci
males and rats with . , (21—26 months)
females) primary lung Benign Malignant
tumors
Air only 100 3 2 (A) 1 (AC) 1.2 (mild)
Titanium dioxide 100 2 1(A) 1 (AC) 4.5 (minimal)
1.1 (mild)
Silicon dioxide 100 19 3 (A) 11 (AC)
4 (KSCT) 1 (ASC) 7.7 (miid)
1 (SCC) 92.3 (moderate)

@ Grading of the degree of fibrosis was done according to the Wagner scale: minimal, mild, moderate, severe (marked fibrosis), and severe (complete obstruction).
® Two tumors, an adenoma and an adenocarcinoma, were observed in separate areas of the lung of one rat.
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periphery of the lungs. The first tumor after silica treatment was
observed after 21 months of exposure. The portion of adenoid
neoplasia was relatively high compared with the total number of
tumors (15 out of 20 neoplasias). The incidence of this tumor
type among the females was double compared with that among
the males. Similar observations have been reported by Holland
et al (8).

The induction of tumors by crystalline silica has been ob-
served in experimental animals only among rats. Intratracheally
injected high doses of silica and inhalative exposure to quartz
were negative among hamsters (9). A chronic inhalation study of
DQ 2 quartz in hamsters and inhalation experiments with mice
were also negative (10—12). Chronic persistent inflammation af-
ter quartz exposure was supposed to be an important factor in the
carcinogenesis.

The results of our study can be considered significant in that
the increased lung tumor incidence was observed at a chronic
inhalation exposure concentration of only 1.0 mg-m™. Tumor
induction at similar low doses was recently reported by Spiethoff
et al (13). These authors also used DQ 12 quartz. In most previ-
ously reported studies the exposure concentration was higher by at
least a factor of 10 (9, 14).

These results confirm the classification of the International
Agency for Research on Cancer, which stated that there is suffi-
cient evidence for the carcinogenicity of crystalline silica among
experimental animals (15).
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