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Lalwratory rodents \vere exposed to one of three mineralogical types of asbestos dust. 
amosite, crocidolite, or chrysotile. Inhalation exposures were accomplished in chambers 
\vhere lx~llmilled specimens of these dusts were disseminated for 4 hours daily, 4 days 
weekly, at a mean atmospheric concentration of allout 48 mg/m”. Additional animals 
were injected with these tlllsts intratracheally, intrapleurally. or intraperitoneally. 
Histopathologic stlldies showed a fibrotic reaction in all species to all three types of 
dusts, with amositr prtrvckin~ th,, strongest such response especially in guinea pigs. 
‘T\\w pulmm~ary cancers were protlllcrd in rats expxed to the inhalation of crocidolite. 
I,ocal injection into the plellral or peritoneal cavities callsed 5 mesotheliomas in rats 
after chrysotilc treatment and (i mrwtheliomas in rats and rabhts after crocidolite 
treatment. <:lline;t pips and hallxtcrs developed no tumors in this experiment, and 
\\itll the dose rwcd, thrrr \\‘(w no trunors in any species in the amosite grmlp. 

Ever since Lynch and Smith in 1935 suggested the association between asbestos 

esp~sure and lung cancer in man, this possible factor in environmental carcino- 
genesis has continued to attract attention. During the next 25 years, over 100 USC’S 
of distinct coexistence of asbestosis and pulmonary carcinoma were reported and 

evidence accumulated to show that at least certain types of asbestos, in addition 
to their fibrogcnic property, apparently also possess carcinogenic potential (c.g., 

Doll, 1955 ) . 
In 1960 an additional aspect developed when Wagner and coworkers reported 

33 cases of pleural mesothclioma, otherwise a rare tumor, among persons exposed 
to crocidolite in South Africa. Subsequently, numerous other cases were dis- 
covered in all parts of the world and connected in some cases to chrysotilc cs- 

posure as well (e.g., Selikoff et al., 196*5). A third type of neoplasia which showed 
association with asbestos exposure was peritoneal tumors, of which 11 were clc- 

scribed by Kcal (1960) and 9 by Enticknap and Smither (1964). It was sprcu- 
lated that transfer of the carcinogen to the pcritoncum was by hematogenic 

spread, and thr specific vulnerability of this organ resulted from a stimulus due 
to movcmcnts between the pc’ritoncal surfaces. Recently, possible association br- 
twcen asbestos exposure and cancer of the gastrointestinal tract (Hammond et al., 
1965) or of the hematopoietic system (Gerber, 1970) were also reported. 

Experimental work on the asbestos lesion was commenced by Gloyne as early 
as 1930 and continued on a larger SC& by Vorwald et nl. ( 1951) . The early work 

showed the principal action of asbestos fibers to be the elicitation of a foreign- 
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l,ody reaction with giant cells, granulation tissue, and appt%rxIcx of “:1SbestOs 
lx)dies,” lending to extensive collagenous fibrosis. 11’:lgnc>r ( 1963) exposed rabbits, 
vervet monkeys, and guinea pigs and found these spccics increasingly vulnerable 
in the stated order with chrysotilc; all threc~ sp~ics rclsponded equally sevrrcly 
to amosite. Holt and associates ( 19G4-1966) exp~~etl rats and guinea pigs to 
various kinds of asbestos. Phagocytosis of thcl dust led to “asbestos body“ forma- 
tion, and it was suggested that phagocytosis is a prcrequisitc to the fibrogenicity 
of asbestos. The situation was cxamincd clcctron-tllicroscc,pically by Davis ( 1963, 
1967, 1970), who also concluded that phagocytosis was a key event in the 
pulmonary respotisc to asb,cstos, and postulated the coalcsc~~~~cc’ of dust-lnden 
Inacrophagcs to giant cells or their conversion to fibroblasts. 

Gross and Dc~Trevillc ( 1967) produced experimental asbcstosis \vith chrysotilc, 
altcl found the ksion nonprogrcssivtl iu rats but progressive and lethal in hnrnstcrs. 
This diffcrc~ncc was attributed to thcb relati\,c rfficic~ncies of pulmonary clearance 
as \vc%ll as to diffcrcntial reactivity of pultnonary tissue. It app~:us that gcomctr? 
of thcb asbckstos fiber wus not a par;u~lount factor in Ixlthogcuicity, since filatucntous 
trlfs~ urldcr similar cxposurc‘ conditions was csscntially itirrt (Gross and I%- 
?rc,vilk. 1969). On the othclr hand, ” asbestos boclks” appeared to be nonspecific 
end occurred after different kinds of fibrous dtlst inhnlation so that the change of 
their numc ( wlic~t~ the ttnturc of the filter was not known ) to “fcrrug:nous bodies,” 
r&rritrg to their iron content, was suggcstcd (Gross ef al., 1967, 1963 ) 

Attcution was also directed at the correlation bctwccn fibrogenicity and fiber 
l(bt>gth. There was much cvidcnce to suggest that very finely ground asbestos 10~s 
t~luch of its harmful potctntial, presumably bccausc of its improved lymphogenic 
transportability ( IIilscher et al., 1970)) \)ut the stud& of Occclla and Maddalon 
( 193:3) indicate that considcrabk loss of crystallinity (up to 85% for chrysotilc ) 
m;i\‘ result from grinding, caspccinlly if accomplished by cutting action. The 
threshold of cffectivcx median fiber length was regarded as 20 IL by \rorwald 
( 1951 ), 10 IL by Ll’agner (1963), and 2 IL by Holt et (11. ( 1964 ) . Howcvcr, Kogan 
et (I/. ( 1966) cotrsidcred fiber length or indeed fibrous structure as nonessential 
for pc\thogcakity; 11~ found chrysotile and associated serpentine rock both 
fibrogcnic, the somewhat greater effect of chrysotilc :lttributable to its large] 
surface arca. 

In 1967, i~l~Na1~ and Harington called attention to the hemolytic activity of 
cllrysotilc dust, which was comparable to that of quartz dust although it rc- 
~p~ndc~d less ~~11 to the inhibitory action of polyvinylpyridine-N-oxide or :dumi- 
thtlt11, both of which protected ~11s against lysis by silica. The :mlphiboles 
( crocidolite, amosite, and antophyllitc>) were mu& less hcmolytic than chrysotilc 
( sccchi and Rezzonico. 1968) and Schnitzer and Pundsack ( 1970) observed that 
the hemolytic action of chrysotile could bc inhibited by carb()xyn~ethyl-c~~ll~ll()s~ 
ether sodium salt. It was observed that substances which were well &orb& 011 
the surface of chrysotilc fibers were the most potent antagonists of the hemolytie 
:ictivity, suggesting that the adsorptive capacity of the fiber possibly involving 
membrane lipoproteins, or its chelation potential involving mugnesium hydrosidc, 
were the key properties in this phenomenon ( A4acNab and Harington, 1967; 
Schnitzer and Bunescu, 1970). 
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The first experimental production of lung tumors with asbestos apparently goes 
back to Nordmann and Sorge in 1941 and similar experiments were conducted 
later by Lynch et nl. (1957). These experiments were done on mice which in- 
haled chrysotile dust, and the positive results consisted of accentuation of the 
natural tendency of these animals to develop pulmonary adenomas. More dcfini- 
tive results were obtained with implantation of dusts into the pleural cavity of 
rats (Wagner, 1962; Wagner and Berry, 1969; Berry and Wagner, 1969; Donna, 
1970), hamsters (Smith et (II., 1965), or into the air sacs of fowls (Peacock and 
Peacock. 1965), and in 1967 Gross and DeTreviIle obtained pulmonary cancers 
in rats exposed to the inhalation of chrysotile. In this paper, we report two cases 
of pulmonary carcinoma in rats after inhalation of crocidolite and several pleural 
and peritoneal mrsotheliomas in rats or rabbits after implantation of either 
crocidolitc or chrysotile. 

hlATERI-\LS AND METHODS 

DUST SPECIMENS 

Commercial samples- of the three most important mineralogical varieties of as- 
bestos, i.e., amosite, crocidolite, and chrysotile, were ballmilled in glazed ceramic 
jars with stainless steel balls for about 10 days, and the resultant samples were 
forced through a ?i inch mesh screen for the disintegration of larger clumps. The 
dusts so obtained were examined by light and electron microscopy, x-ray diffrac- 
tion, and atomic absorption spectrophotometry.’ 

Electron microscopic particle sizing gave the following range of values based 
on numerous counts for the mean length and mean diameter of the several fibers, 
respectively: Amosite, 3-5 and 0.2-0.5 I,,; crocidolite, 3-6 and 0.4-0.5 I,,; and 
chrysotile, 6-15 and 0.2 IL. The upper limit of fiber Icngth, as determined with the 
light microscope, was 55-130 I,., comprising O.OOl-0.015% of the dust. X-ray dif- 
fraction study gave the values shown in Table 1 as compared to those reported 
for the standard reference samples of the International Union Against Cancer 
[ ITICC] (Timbre11 et al., 1968). 

Table 2 summarizes the results of chemical analysis, showing that substantial 
amounts of nickel, and in some’ cases also of manganese and/or chromium but not 
cobalt. were added to the dusts during< experimental preparation, Analysis was 
also performed for beryllium. showing values under 1 ppm in all cases. 

INHALATIOK EXPOSUHES 

In three I2 x 12 ft rooms with 2 perforated walls, 206 rats, 106 rabbits, 139 
guinea pigs, and 214 hamsters, of both sexes and 23-months old, were about 
cvrnly distributed. One wall served as the supply, and the opposite wall as the 
exhaust. The asbestos dusts wcrc disscminatcd into these chambers with the aid 
of hammer mill and fan systems csscntially according to Holt et (11. (1965), and 

’ Amosite, W-3 fibers: Crocidolite, S-Blue fibers: and Chrysotilc, 3-T fibers. These samples 
uwe obtained by conrtesy of the Johns-Manvilk Corporation. 

‘R. C. A. electron microscope, model EhlU 3-E; C. E. S-ray diffraction apparatus, Model 
XRD-Fj: and Perkin-Elmer atomic absorption spectrophotometer, hlodel 303. 
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Peak 
i\sbestos type NO.,’ 

10.6’ 
I!1 7” 
26.0’ 
2X.i’ 
32.0” 
34. 4’ 
:sr, :(” 

” Iu CuKa-radiatiotl, A = I..54 ;1. 
b Principal diffraction angles. 
’ Interplanar lattice spwings in .k. 
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achieved fairly even distribution. To insure that all animals received equivalent 
dosages, all cage racks were reoriented routinely and cages on the racks were re- 
positioned with respect to their height from the floor. The used asbestos was PX- 
hausted from each chamber into plastic collection bags. 

The chamber atmospheres were checked daily by membrane filter sampling 
technique throughout the experiment. The obtained values were remarkably uni- 
form, giving the following means (&SD) for the three rooms: amosite, 48.2 ZL 1.4; 
crocidolite, 48.7 +- 2.4: md chrysotile, 47.4 -+ 1.7 mg/m’. Fiber count by light 
microscopy with a resolution of 0.8 /L gave the following results: amosite 864. 
crocidolite 1105, and chrysotile 54 million/m”. This included only particles with 
an axis/diameter ratio of about 3: 1 or more, In addition, there was also sub- 
stantial nonfibrous component in the dusts. The exposures to these atmospheres 
were conducted for 4 hour/day, 4 days/week. with each Friday reserved as 
clean-up day. 

h'JE"TI""S 

Intratracheal, intrapleural, and intrapcritoneal injections of all three typkxs of 
asbestos dusts were given to certain additional animals in order to study the tis- 
sue reaction. For these purposes, the dusts were prepared according to Badollet 
and Gantt (1965) by treating the specimens in a Waring Blendor. sieving, and 
regrinding in an agate mortar for about 15 minutes. The asbestos was then sus- 
pended in isotonic saline at a concentration of 20 mg/ml, autoclaved, and ad- 
ministered in simple doses as shown in Table 3. 

NECROPSI?S AND ATTHITIONAL ,\~ORTALTTI 

Periodic killings were schcdulcd at 1, :3, 6, 12, 18 and 24 months after injection 
or commencement of inhalation, consuming about one-half of the total animal com- 
plement in each group. The other half of the animals was allowed to live to an 
age of approximately 3 years. Total cumulative exposure hours in the chambc~ra 
\l’cre 1496 ( amosite ), 1568 ( crocidolitc ) ~ and 1644 ( chrysotilc ) 

Attritional mortality was varied with the 4 animal species under study.” the rats 
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being apparently the hardiest and sho\viu, (7 the best survival record. Rabbits had 

some endemic pneunwnia but they also survived to their ~CWXXYI~~ in sufficient 
iiun~lm-s. Guinea pig losses were heavier, md hamsters, cqw.%dly, tcndcd to die 
c~~rly and the typical survival for the latter spceies \vas 1%1Fj months. NO pre- 
vcmtive medication was given. The inventory of live animals at diffcrrnt times, 
together with the total malignancy incidence (cf. Results) is collntcd in Table 4. 

COhTI<OL kiNIAIAI,S 

Ii1 view of eutcmive previous drpartniciital experieucc, with the animal strains 
rmd~r study, the mumber of controls set aside from the same shipnwnt as the C’X- 
~xwd anin~als \vas sinall, in order to ;dlow maxin~un7 iruinlx~rs to receive exposure. 
Ten such rats, 10 rabbits, 12 guinea pigs, and 8 huinsters served as controls and 
rc>ceivcd IIO exposure or treatment. These aninlals survived up to 13 years. One 
rat, at about 1 year of age, showed cpithelial hypeq&~sia and necrosis of pu- 
monary tissue; and one rabl)it, at 10 months, showed histiocytic proliferation at 
the terminal bronchiole with inflmunntion. There mm no othrlr pathology noted 
in the control colony. Previous espcrirnce with these animal strains ( e.:g. Reeves. 
197 1) showed that eudemic conditions iiiwlatcd to my cqosurc’ iiiclud~ purulcnt 
l~roilcliiolitis in rats aud alveolar q$tlielinl liyperplasia iii rats as \vrll as rabbits. 
Pulnioilary filxosis \vas iirfrcquent, and metnplasia or ncwplasi:~ in the lungs wxs 
not ol)scmwl anwn~ srwral thoilsand uncqxmd animals of each spe:ics studied 
hc+rc~ in tlic‘ pnst. 

All three types of asbestos caused accumul~~tion of 1-1c,mosidcrin-cont:l.nin~ his- 
tiocytcs as the earlimt pulmonary rcspoiisc. C wsociated with iiiflanimatory renctioi~. 
This ~1s followed by fibrosis in the region of the termill; bronchiole iu a fe\x 
:lllil~ldS. Squamous nietaplasia in this area was also often proiuiuent espcci~~lly ill 
the crocidolitc group, where iu sonw rats it progressed to a l,s’udo-e~~itheliomatoiis 
hypcrplasia ( Fig. 1) . Both crocidolite and chrysotile also induced colunln;lr-typt 
nwtaplasia, and out of 40 rats which survived chrysotile inhalation for 2 years 01 
longer, $5 displayed prominc*nt benign pulmonary adenouxltosis. Out of 31 rats 
killed at the end of crocidolitc-cxpos”~e. 2 11~1 sq~~~nous-cell cxcinoma of the 
11utg ( Fig. 2). There was no nc~plasia in the amosite group. 
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THE RESPONSE TO INTRATRACHEAL INJECTIONS 

Generally, the early response was similar to that seen after inhalation. In addi- 
tion, necrosis of the bronchiolar epithelium in the region of the fibers was present 
in most animals, especially in the chrysotile group. Giant-cell accumulation fol- 
lowed in some instances. Several guinea pigs also showed terminal bronchiolar 
epithelial proliferation. One rat of the chrysotile group showed focal fibrous ad- 
hesion to the diaphragm. There was no neoplasia in any of the groups. 

THE RZSIWNSE TO INTRAPLEUHAL INJECTIONS 

Histiocytic and foreign-body response was typical of all groups especially among 
rabbits. Fibrosis followed in most cases, occasionally with benign proliferative fea- 
tures. One rat (486 days after crocidolite injection) and two rabbits (666 and 728 
days after crocidolitc injection, respectively) had spindle-cell mesotheliomas of 
the pleura. Two rats (278 and 419 days after chrysotile injection, respectively) 
had fibromatous mesotheliomas of the pleura (Fig. 3) with invasion of the dia- 
phragm ( Fig. 4)) presenting as dense proliferative lesions attached to the dia- 
phragm. There was no neoplasia in the amosite group. 

THE RESPONSE TO INTKAPERITOSEAL ISJECTIONS 

The rcsponsc was generally similar to that SCWI in the pleura after the intra- 
pleural injections. All animals showed initial inflammatory response associated 
with histiocyte and giant-cell accumulation, followcd by fibrosis. The fibrosis ~1s 

FIG. 3. Specimen No. 977-39. Pleura and hmg of male rat. ase 76 \~~elis, mcrificed 319 

days after an intrapleural injection of chrysotiie. The p!eural surface contains a fihrom mex- 

thelioma presenting a denw, fibrous-appearing adhesion to the diaphrapm. i’50. 
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particularly advanced in animals of the amosite group. Onca rat, 263 days aftel 
crocidolitc injection, showed mc~sothelial proliferation and 3 out of 4 rats which 
survived crocidolite injection one year or longer had peritoneal mesotheliomas as 
follows: One with fibrous and papillary pattern on the 366th day (Fig. 5) ; one 
with osteogenic sarcoma pattern on the 37211~1 day (Fig. 6); and one with reticu- 
lum- and spindle-cell sarcoma pattern on the 521st day ( Fig. 7). In the chrysotilc 
group. there were also 3 cases of mesothelioma. Two of these, on the 211th and 
26:3rd day, respectively, had spindlcx-ccl1 sarcoma pattern ( the latter with invasion 
of muscle) ; and one, on the 333rd day, was of solid epithelial type. One additional 
animal, on the 261st day, had atypical fibrosis suggestive of but not confirmed as 
neoplasia. There were no tumors in the amosite group. 

1)ISCUSSION 

Among the 13 casts of malignant neoplasia which wc’rc’ observed in this study 
among more than 500 animals of various species with adequate survival record 
(cf. Table 4), 2 were puImonary carcinomas. Roth of these were in rats esposed 
to the inhalation of crocidolite. In view of the known lack of spontaneous inci- 
dcnce of lung cancer in the Charles River CD rat as olxervcd in this lal)orator> 
and elsewhere, the cause-and-effect relation between esposurc> and cancer seems 
clear, but it must bc emphasized that the incidence of 2 in 31 (in the crocidolitc 
group) vs 0 in 40-42 (in the amositc and chrysotile groups) is not significantly 
different according to the chi-square test (X’ = 2.12). Thcrcfore. it cannot hc said 
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FIG. 5. Specimen No. 981-10. Peritoneum of male rat, age 63 weeks, sacrificed 366 days 
:lfter an intraperitoneal injection of crocidolite. >lesothelioma, fibrous type, presenting grossly 
as extensive intraperitoneal spread of a white neoplasm. X50. 
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penheimer effect”) was considered but ruled out by Harington and Roe (1965) 

and there is no evidence thus far that a crystallographic or chemical property in- 
herent in the silicon-oxygen lattice of asbestos fibers is the essential carcinogenic 
entity. On the contrary, it may be noted that the two amphiboles, amosite and 

crocidolite, are not equally effective in this respect. Even though they both form 
harsh, relatively acid-resistant, and truly chain-structured fibers, amosite appears 

to be a weaker carcinogen than crocidolite. On the other hand, chrysotile which 
is mineralogically quite different from the amphiboles and is soft, acid-soluble, 

and not a chain-structured fiber but rather a microtubule, is apparently compa- 
rable in its carcinogenic potential to crocidolite. Current thinking favors the hy- 

pothesis that labile cations attached to the silicon-oxygen lattice, metallic con- 
taminants, or organic compounds which may become adsorbed on the fibers 
either during their geological genesis or during commercial handling, may be the 

key factor ill- the carcinogenic potential of asbestos. 
In 1962, Harington reported that certain virgin samples of asbestos containccl 

cyclohexane-extractable oils composed of aromatic hydrocarbons, one of which 

was 3,4-benzpyrcne. Furthermore, it was later pointed out that in addition to 
these natural trace constituents, asbestos may contain contaminants acquired dur- 

ing production, storage, or transport, such as the jute oils drrived from storage 
bags. Tests for the tumor-promoting activity of these oils on mouse skin yielded 

considerable positive results with at least one variety of jute oil (Harington and 
Roe, 1963; Roe et (il., 1966). Th e work of Miller et ~1. ( 1965 ) . Smith et al. ( 1970) 

as well as Pylev et al. (1969) confirmed the substantial and to some degree specific 
adsorption of 3,4-benzpyrcne on asbestos fibers. Howc~~r, Harington et al. in 

1967 found that removal of these oils apparently dccrcasc-d but did not abolish 
the carcinogenic activity of asbestos. 

An alternate carcinogenic principle that may be prcsc’nt in or associated with 

asbestos are metallic clcments. These may be covalently bound to the fiber, the! 

may be attached to it by hydrogen bonding, ionic bonding, or adsorption. In 
many of these casts the metal may be detachable and/or exchangeable during 
in uivo interaction. The major metallic components present in asbestos arc alu- 
minum, magnesium, and iron; tract levels of chromium. nickel. and cobalt arc 

also regularly found. 

Among the major metallic components, iron has attracted interest. It was W- 
called that while iron itself is not regarded as carcinogenic, experimental tumors 
were produced by iron-dextran complexes where the bonding of iron to the 

polymer may have been similar to that in asbestos ( Richmond, 1959). 
Trace levels of chromium and nickel may play a role as these metals are SLW 

pect as environmental carcinogens. It is apparent from the results of chemical 
analysis (Table 2) that the dissemination methodology employed in this experi- 
ment caused substantial enrichment of the dusts in these metals, and similar fac- 
tors were also noted in the experiments of Gross et ~1. (1967). Indeccl, Cralley et 
al. (1967) pointed out that such exposures may be sustained by workers employed 
in the manufacture of asbestos textile products. Dixon et (II. ( 1970) reported rc- 

cently that Fe”+ and Cr”‘, both of which were extractable from a sample of chryso- 
tile. inhibited the action of benzpyrenr hydroxylase, a detoxifying enzyme that 
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prwumably protects the organism front the cffccts of benzpyrene. Inhibition of 
induction of this ~~zymr by Ni( CO) 4 was obscrvcd previously by Sundcrnian 
( 1967), suggesting interesting new possibilities in the understanding of carcino- 
genesis by wrtain mrtals, and Wnceivddy by asb,estOs. 

The al1thors arc’ in:l&ted to Dr. Thonms F. Slooney. Jr,. for chen1ical analysis i~ncl statistic,tl 
consulting: to Kenneth H. hlikel for light ;md electron microscopy; to Duane V:~nAckr~- for 
construction and operation of the r\-posurc facilit) : to Walter Dybicki for animal colon) uuin- 
tnxmcr and nccropsics; ant1 to I-lerm:ur Y. Chll and I,conard Pick&t for histo!ogiral procrssinC. 
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