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Pul~nonary responses in rats were compared after short-term inhalation exposure to polymorphs of silica dust. Groups 
of CD rats were exposed 6 h a day for 3 d to crystalline silica or amorphous silica. Another group was exposed to Ludox 
colloidal silica for 6 h a day, 5 d a week for two or four weeks. Thereafter the groups were killed, and the lungs washed 
at several postexposure times. The crystalline silica produced persistent pulmonary inflammatory responses character- 
ized by neutrophil recruitment and consistently elevated biomarkers of cytotoxicity in bronchoalveolar lavage fluids, 
and progressive histopathological lesions were observed within one month of the exposure. Amorphous silica produced 
a transient pulmonary inflammatory response, and Ludox elicited transient pulmonary inflammatory responses at 50 or 
150 ~i ig  . n-1 but not at 10 mg . m-'. After three months most of the biochen~ical values of the Ludox-exposed animals 
had returned to the control level. These results demonstrate that crystalline silica dust is more potent in producing 
pulmonary toxicity when compared with amorphous or colloidal silica particles. 
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Chronic inhalation of crystalline silica dust causes pulmonary in- 
flammation and the development of fibrosis in experimental a n -  
~nals and exposed humans (1, 2). After acute inhalation exposure 
of rats, a persistent inflarnlnatory response ensued which pro- 
gressed to alveolar proteinosis and fibrosis. While it is widely 
accepted that exposure to the crystalline species of silica dust 
elicits toxic pulmonary effects, there is limited information re- 
garding lung responses to other forms of silica dust. Accordingly, 
this report is a compilatioll of four bioassay studies implemented 
to compare pulmonary responses in rats after short-term inhalation 
exposure to several polyniorphs of silica dust. The dust comprised 
two forms of crystalline silica (a-quartz and a-cristobalite), one 
form of an~orphous silica, and one form of colloidal silica par- 
ticles. 

Cells and fluids from groups of sham and dust-exposed ani- 
mals were recovered by bronchoalveolar lavage (BAL). Lactate 
dehydrogenase (LDH), protein, and N-acetyl glucosaminidase 
(NAG) were measured in BAL fluids several times postexposure. 
The cells were identified, counted, and evaluated for viability. The 
lungs of additional animals were processed for histopathology, 
and these results have been reported elsewhere (3, 4). The data 
generated from these studies provide an interesting comparison of 
differential pulmonary responses in rats inhaling various forms of 
silica dust. 

Materials and methods 

General experimental design. This study was designed to evaluate 
pulmonary responses in rats after short-tenn inhalation exposure 

to two forms of crystalline silica, one form of amorphous silica 
and one form of colloidal silica particles. Crystalline silica 
particles, in the form of Berkeley Min-U-Sil-5, were obtained from 
the Pennsylvania Glass and Sand Corporation (Pittsburgh, 
Pennsylvania, United States). a-Cristobalite silica was obtained 
from the C & E Mineral Corporation (King of Prussia, 
Pennsylvania, United States) and was a generous gift frorn Dr 
David Hemenway frorn the University of Vermont. Ludox 
colloidal silica was obtained from DuPont Chemicals. Amorphous 
silica particles (Zeofree 80) were purchased from the JM Huber 
Co, Havre de Grace, Maryland. These particles are ltnown to be 
free of crystallinity (Dr David Hemenway, personal com- 
munication). 

For two of the inhalation toxicity studies, groups of 24 CD rats 
were exposed for 3 d at aerosol concentrations of either 10 or 
100 mg . n1r3 to either cristobalite or amorphous silica. In another 
study with Min-U-Sil a-quartz particles, 24 rats were exposed for 
6 h a day for 3 d to concentrations of 100 mg . ni-?. In the fourth 
study, rats were exposed to Ludox for 6 11 a day, 5 d a week for 
two or four weeks at concentrations of 10, 50, or 150 mg . m-3. 
After the termination of the exposures, groups of animals were 
sequentially killed and their lungs washed several times postex- 
posure. 

Inhalation exposure and biochemical assays. The dust 
generation methods have been previously reported (3, 4). The 
measured mass median aerodynamic diameter (MMAD) ranges for 
the various generated silica polymorph particles were the 
following: cristobalite crystalline silica 3.4-3.6 ym, Zeofree 80 
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2.4-3.4 pm, Ludox 2.9-3.7 ym, and Min-U-Sil 3.3-3.5 ~ I I .  
BAL and cellular quantification procedures were conducted 
according to previously described methods (5 ) .  

Results 

The cell differential analyses of rats exposed to Min-U-Sil and 
cristobalite indicated that inflammation was a prominent feature in 
the lungs of rats exposed to crystalline silica. Pulmonary inflam- 
matory responses, characterized by the presence of granulocytes 
(primarily neutrophils) in BAL fluids, persisted throughout a three- 
 non nth postexpos~lre period (ligure 1). 111 contrast, exposure to 
amorphous silica produced a transient inflanlinatory response 
which was present 24 11 postexposure but was abrogated within 8 d 
postexposure (figure 1). Similarly, exposures to Ludox for two or 
four weelis at 50 and 150 illg . n1r3, but not at 10 mg . In-', pro- 
duced increased numbers of lavaged granulocytes (P < 0.05), but 
these numbers were significantly reduced following a three-month 
recovery period. Extracellular LDH in the BAL fluids was consid- 
ered to be a sensitive indicator of pulmonary cytotoxicity. Tran- 
sient increases in LDH were measured in rats exposed to amor- 
phous silica for 3 d. The BAL fluid LDH values increased within 
24 h after exposure but returned to control levels by 8 d postexpo- 
sure (figure 2). In rats exposed to 150 nlg . n r l  of Ludox, the LDH 
was sigilificantly increased above the control value at two or four 
weelis, but was reduced after the recovery period (table I). No 
significant differences were measured for LDH at any time post- 
exposure between the rats exposed to 10 or 50 ing . ~n-3 conccntra- 
tions of Ludox and thc controls (table 1). I11 contrast, the LDH was 
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Figure 1. Granulocyte d~fferent~al percentages for bronchoalveolar lavage 
flu~ds of rats exposed to amorphous slllca ( A M O R P H ) ,  Mln-U-SII, or crlsto- 
bal~te (CRISTO) (P < 0 05) 

increased within 24 h after Min-U-Sil and cristobalite exposure, 
and it remained elevated throughout a three-inonth postexposure 
period. Rats exposed to cristobalite for 3 d denlonstrated a 12-fold 
increase in LDH three nlonths after the exposure (figure 2). 

The assesslnents of protein in BAL fluids showed a trend 
si~nilar to that described for LDH activity. Exposures to Ludox for 
two or four weelis or to amorphous silica for 3 d produced tran- 
sient increases in BAL fluid protein (table 1, figure 3). 111 contrast, 
exposure to cristobalite or Min-U-Sil produced sustained effects 
which were substantially increased over those of the controls 
(P < 0.05) three ~nonths postexposure (figure 3). Likewise, BAL 
fluid protein levels were transiently increased in rats exposed to 
amorphous silica and were sustained in all of the groups of a n -  
~nals  exposed to crystalline silica (figure 3). 

NAG was significantly increased in BAL fluids (P < 0.05) 
after a 3-d exposure to cristobalite, while the NAG values of rats 
exposed to anlorphous silica did not significantly differ fro111 those 
of controls by 8 d postexposure (figure 4). Similarly, the NAG 
values of rats exposed to Min-U-Sil were significantly increased 
after the 3-d exposure. This increase was sustained throughout the 
postexposure period (figure 4). 

Discllssion and concl~~dinfl remarks 

Chronic inhalation of crystalline silica produces pulnlonary in- 
flammation and the consequent development of silica-induced 
pulmonary fibrosis (1, 2). During the acute phase, a pulmonary 
inflammatory response develops and progresses to alveolar pro- 
teinosis and a g ra~~~~lo~~ la tous - type  pattern of disease in animals. 
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Figure 2. Lactate dehydrogenase ( L D H )  values for bronchoalveolar lavage 
fluids of rats exposed to cristobalite (GRISTO), Min-U-Sil, or amorphous 
(AMORPH) silica ( P  < 0.05). 

Table 1. Lactate dehydrogenase and protein in rats exposed to Ludox colloidal silica - percentage of sham control responses 

Ludox Lactate dehydrogenase Protein 

Two-week exposure, Four-week exposure, Four-week exposure, Two-week exposure, Four-week exposure, Four-week exposure, 
no recovery no recovery three-month recovery no recovery no recovery three-month recovery 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
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Figure 3. Protein levels of bronchoalveolar lavage fluids in rats exposed to 
cristobalite (CRISTO), Min-U-Sil, or amorphous (AMORPH) silica (P < 0.05). 

During the chronic phase, nodular fibrosis occurs in exposed ani- 
mals and humans. Altl~ough the pathological effects of crystalline 
silica are well known, there is a paucity of i~lforniation on the 
pulmonary effects of inhaled amorphous and colloidal forms of 
silica. The limited toxicologic information available suggests that 
the pulmonary effects following exposures to amorphous silicates 
may be reversible in the absence of continuing exposure (6-9). 
Moreover, in elegant studies presented at the first silica, silicosis 
and cancer symposium, Hemenway et al ( 1  0) exposed rats for 8 d 
to aerosols of one of three silica species, a-cristobalite, a-quartz 
or amorphous silica. The greatest measure of lung injury was 
produced with cristobalite, which caused substantial inflamma- 
tion and fibrosis. Exposures to a-quartz produced intermediate 
effects, while amorphous silica produced minimal effects. The 
authors concluded that amorphous silica particles were less toxic 
than the different species of crystalline silica polymorphs. In sup- 
port of the results of Hemenway et al, the results reported in 
previous studies indicate that Ludox is significantly less active in 
produci~lg pulmonary effects when cornpared with Min-U-Sil 
(3,4). 

In conclusion, brief exposures to two different forms of crys- 
talline silica particles produced a persistent pulmo~lary inflanima- 
tory response, characterized by neutrophil recruit~nent and con- 
sistently elevated biomarl<ers of cytotoxicity in BAL fluid. Pro- 
gressive histopathologic lesions were previously observed within 
one month after a 3-d exposure (3) .  In contrast, a 3-d exposure to 
aniorphous silica particles produced a transient pullnonary in- 
flammatory response, and two- or four-week exposures to Ludox 
elicited pulmonary i~lflarnrnation at 50 or 150 mg . nl-? but not at 
10 mg . m3. Most of the biochemical parameters returned to con- 
trol values after a three-month recovery period. These results deni- 
onstrate that the crystalline forms of silica dust are much more 
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Figure 4.  N-acetyl-glucosaminidase (NAG) values of bronchoalveolar lavage 
fluids in rats exposed to cristobalite (CRISTO), Min-U-Sil, or amorphous 
(AMORPH) silica (P < 0.05). 

potent in producing pulrno~lary toxicity than amorphous or colloi- 
dal for111s of silica are. 

References 
1. Morgan A, Moores SR, Hohucs A, Evans JC, Evans NH, Black A. The 

effect of quartz ad~ninistered by intratraclleal instillation on the rat lung: I. 
the cell~~lar response. Environ Rcs l980;22: 1-12. 

2. Bowden DH, Adamson IYR. The role of ccll injury and the continuing 
infla~nmatory response in the gel~eratioll of silicotic pulmonary fibrosis. J 
Pathol 1984;144: 149-61. 

3. Warheit DB, Carakostas MC, Hartsky MA, Hansen JF. De~elopment of a 
short-ten11 inhalation bioassay Lo assess pulmonary toxicity of inhaled par- 
ticles: comparisons of pul~ilonary responses to carbonyl iron and silica. 
Toxicol Appl Pharrnacol 199 I ;107:350-68. 

4. Warlleit DB, Carakostas MC, Kelly DP, Hartsky MA. Four-week inhala- 
tion toxicity study with Ludox colloidal silica in rats: pulmonary cellular 
responses. Funda~n Appl Toxicol 1991;16:590-601, 

5. Warheit DB, Hill LH, Brody AR. Surface morpl~ology and con'elated 
phagocytic capacity of pulmonary macropl~ages lavaged from the lungs of 
rats. Exp Lung Res 1984;6:71-82. 

6. Groth DH, Moorman WJ, Lynch DW, Stettler LE, Wagner WD, Hornung 
RW. Chronic effects of inhaled amorplious silicas in animals. In: Dunnoln 
DD, editor. Health cffects of synthetic silica particulates: a syn~posium 
sponsored by ASTM Committee E-34 on Occopational Health and Safety 
and the Industrial Health Foundation; November 1979; Benalmadena-Costa 
(Torremolinos) Spain. Philadelphia (PA): American Society for 'resting 
and Materials, 198 1: 1 1 8 3 3 .  ASTM special technical publication 732. 

7. Schepers GWH. Health effects of synthetic silica particles. ASTM Spcc 
Tech Publ 1981;732:144-73. 

8. Gosicki J, Bar E, Girard J, Leutenegger A, Niederer W, Oberholzer M, et 
al. Experimental silicosis: 11, fibrogcnic effects of natural amorphous silica. 
Med Press 1978;29:28 1-91. 

9. Pratt PC. Lung dust content and response in guinea pigs inhaling three 
for~ns of silica. Arch Environ Health 1983;38:197-204. 

10. Hc~ncnway DR, Absher M, Landesman, M. Tro~~lbley L, Emerson RJ. 
Differential lung responsc following silicon dioxide polymorph aerosol 
exposure. In: Goldsmith DF, Winn DM, Shy C, editors. Silica, silicosis and 
cancer. New York, NY: Pracgcr, 1986:105-116. 

Scand J Work Environ Health 1995, vol21, suppl2 21 




