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Comparisons of the pathogenicity of long and short
fibres of chrysotile asbhestos in rats
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] Sumnmary. Long-term inhalation and intraperitoneal injection studies were undertaken with
laboratory rats treated with a specially prepared short-fibre sample of Canadian chrysotile
asbestos. This was compared, at an equal mass dase, to dust generated from the same
! chrysotile bacch so as to contain the highest possible number of long libres. The long-fibre cioud
contained roughly five times more 8bres_> sum iu length as seen by phase contrast optical
microscopy (PCOM). For increasing lengths, thc. ratlo between the dust clouds increased
progressively, re.achmg over 80:.x for fibres > 3o;tm in length, _Rars freated with long-Gbre ™

.
' »~

) ‘~ i \ ohrysotde ‘develo) times more advanced interstitial Abrosis (ashestosis) than _animals
7 reat short-fibre chrysolile andthn.q times more pulmonary t tumoursn\t the ond of the +

ik

o

;_.x}/

) L ¢ Iz-monlh dusting period, thrae times moreshort chrysotile thar long had been refained in the '
rat lung tissues. During the followmg‘é» m()nlhb however. the short-kbrs chrysotile was, i
rremnved from the lungy much morg ;gpmdly ;hau the Iongfbollowmg {ntraperitoneal injection

atH iniss dosg of 2smy of dust. bath 16ng and ShoE clxww@:_omm !
,;4; 4 [ %. nxm,ﬁ of rats. At a duse level of 2.5mg of dust. the short-ibre chiysotile produced
mesotheliomas in only one-third as many rats us the long-fbre dust which still produced
\ mcsothdlomas i more than 90% of animals injected.iAL 8 dose level of 0.25mg of dust, the
N ““short-Abre _Flrvsotde produccd o mesothéliorids while the long-fibre chrysotile still produced ‘\.‘
[, % wf these tumours in 66% of rats. In the two highest doses, where short-fibre chrysotile produced

.

15, e .
f.\f:/x’ ¢ mesotheliomas. the meap tumour induction period was significantly longer than for tumours

Y " pmduced by long chn{'so't)(e ) e

Kcywnrds. “asbestos, dxmcmxom carcmogemcuy

length and King et al. (1946) administered
chrysotile samples cut on a special micro-
tome to rabbits by intratracheal injection.
Animals injected with dast of libre length
approximately cither ¢ 5 or 2.5 un devcloped
pudular peribronchial fbrusis wiltlh some

Since the dangers of industrial exposure to
asbeslos were first realized much experimen-
tal work has been undertaken to determine
which paranieters of any dust cloud are most
tmportant in diseasc production. One of the
earliest factors to be examined was [ibre

Carrespundence: Dr [LM,G. Davis. Pathalogy Beanch. Instituge of Occupational Medicine. $ Roxburgh
Place. Bdinburgh EH8 ¢SU. UK.
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progressive fibrosis of the ulveolar walls, but
these changes were much more marked in
the animals receiving the long-fibre dust.
Similar intratracheal injection studles, using
guinea-pigs, were reported by Vorwald e al.
{x951). This group injected ‘long" and ‘short’
samples of the main asbestos varicties, chry-
sotile, amosite -and crocidolite as well as
anthophyllite, memolitc and brucite. Only
the short-Gbrg ‘Samplesvof chrysotile and
amosite would*nuw be considercd really
short with almost'all fibres < 3um in length
and while these produccd little tissue reac-
tion. long-fibre prcparauons produced dis-
tinct pulmonary Hhbrosis. Klosterkotter
(2968) extended these studies by using both
the intratracheal and intraperitoneal injec-
tion of chrysotile and crocidolite ground to
an average fibre length of <sum. They
found that these samples produced little or
na fibrosis in either site. In contrast. longer
fibres of the same asbestos types resulted in
considerable fibrosis in both areas. Almost
identical results were obtained by Hilscher ¢t
al- (L970) using very similar tcchniques.
Davis (t972) admxmsletcd many fnoecly
ground mineral samples to mice by intraperi-
toneyl injection, focluded in this scries of
dusts were a nocmal long-Gibre chrysotile
sample and two short-ﬁbm chrysotile prep-
arations., Thesc ‘weré' synthetic chrysottle
with a maximum length of Tum and chryso-
tile fragmented by ultrasonic treatment in
liquid until all fibres were below 1 ym in
length. The short-fbre samples produced
almost no tisste reaction while the long-fbre
chrysotile praduced massive peritoneal fibro-
sis. Wright & Kuschner (1977) injected
samples of crocidolite, synthetic lnoramphi-
hole and glass fibre inoratracheally imto
guinen-pigs. For cach imineral there wuy a
long-fibre preparation with up tu 80% of
fibres > roum i lenigth und a short-tibre
sample with {éw {ibres > sum in length. All
the long-fibre samples produced widespread
pulmonary Hbrosis while the short-fibre
matetials produced little tissue reaction.
Stanton & Wrench (1972) demonstrated
that, in addition to its effect on Bbrosis. Hbre
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length was important in carcinogenesis wi
the production of mesotheliomas. Carefu
sized samples of a number of mineral it
types were administered to rats by plew
implantation and it was found that mesotl:
lioma preduction was related to the numt
of long, thin Libres implunted. Also in 197
Smith et al. reported that hamsters giv
intraplenral injections of crocidolite grou:
to a fbre length <Ium did not devel
mesotheliomas while those injected with
long-fibre preparation of the same matar
did. Stanton's work wus further develop
(Stanton et al. T977. 1981} and it w
determined that the most dangcrous fib:
were those > 8um in length and <r.5um
dizmeter. Similar findings were reported
Pott & Friedrichs (1972z) and Pott et
(x976) and thc work of this group has be
continued until the present time with ma:
further publications (e.g. Pott (1978, 98-
Pott & Ziem {1983)).

Fibre length also appears to be importun
dusts are inhaled and Vorwald et al. (195
reported that guinea-pigs, rats and mi
treated for up to two years with ball-mill
chrysotile developed no appreciable pulmu
ary reaction and no suggestion of asbestos
Complete fibre sizing of the dust clouds w
not. undertaken but it was reported th
while 90% of the dust was non-fbrous, or
third of tha fibres present were > roum
length. These amounted to a conceatrari
of approximately 25 fibres/ml.

The importance of long Bbres in the pt
duction of pulmonary fbrosis folowh
inhalation was fucther emphasized by T
brell & Skidmore (1968) and Wcbst
{1970). The former authors exposcd rats as
guinca-pigs to long and short fibres of am
site and obtained a much greater reactic
with the long-fibre sample. Webster treat
baboons with a inely ground erocidolite dv
with a fibre length bclow s5pum und obtain
anly a macrophage reaction in the lungs.

Until recontly inhalation studies wi
short-Hbre samples of asbestos had not be
continued for sufficient time to explore t
production of pulmonary tumours and
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| some cases the dust clouds had been insuffi-
ciently categorized regarding the numbers ol
fibres in any size range lor definite conclu-

§ sions to.be drawn. Davis et al. (1986b)

' rcported life-time Inhalation studies in rats
undertakcn with a specially prepared short-
tibre sample of amosite with almost all fibres
< sumin length. The effects of this dust were
compared to those of a long-fibre dust cloud
generated from raw commercial amosite.
While Lhe long-fibce dust produced wide-
spread pulmonary fibrosis and pulmonary
tumours or mesotheliomas developed in one-
third of the animals, neither puilmonary
tumours nor pulmonary fibrosis devcioped in
animals exposcd to the short-fibre dust,

Long-term inhalation studies with a short-
fibre chrysotile preparation produced by ball-
milling were reported by Platek et al. (1985).
Thesc workers examined rats for up to 24
months after the start of dust exposure and
moukeys for up to 28 months and reported
that the short-fibre chrysotile produced ‘no
compound related lestons including Rbrosts’.
The dose level used in these studies was,
however, only tmg/m’, which is lower than
used by most workers examining fibee patho-
genicity, and it has also been sugpested by
Tancer ef al. (£978) that short-Gbre chryso-
tile produced by ball-milling is subject to a
level of crystal damage. This is sufficient to
make results difficult to interpret in relation
to hazards resulting rom short fibres pro-
duced during the manufacture of asbestos
products or during the subsequernt usage of
these materials.

Jolicoeur et al. (198T) reported on a
method of obtaining short-fbre samples of
chrysotile by a sedimentation Lcchuique
which has overcorne these difficulties. This
preparation contained no fibres >8um in
length and has becen used in a fiumber of
short-term studies (0 examine the early
pathogenicity of Ure short chrysotile Bbres.
This short-tibre  chrysotile preparation
retalned the haemolytic activity normaily
assoclated with chrysotile asbestos (Pele &
Calvert 1983) and was toxic to pulmonary
mucrophages in sbort-term in vitrn culture

PEFRIVEN DIMDNEr 19
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(Nadeau ¢t al. 1986}, Lemairc (1985) exam-~
ined ccll recruitment into rat lungs lollowing
intratracheal injection of the short-fibre
chrysotile preparation and UICC chrysottle
(B). While the UTCC matetial producad a
prolonged respanse with Increased numbers
of neutrophils in lavage tluid for up to 14
days following injection, the shorr-fibre chry-
sotile praduce only an insignlficant increase
in. neutrophils.for 1 day following injection.
Bothichrysotile samples produced increased
continued for up to r4 days, but the short-
fibre dust produced a much lower level of
response. In g separate publication Lemaire
etal, (198 5) reported on changes in pulmon-
ary mocphology produced in rats following
the intratracheal injection of the two chryso-
tile samples. While the UTCC dust produced
fibrosis around distorted and obstructed air-
ways. the short-ibre dust, although causing
an accummulation of inflammatory cells,
produced no fibrosis at all.

. While these studies have suggested that
the harm(al potential of very short chrysotile
is,.mucklxé&ess than that of chrysotile dust
coutdiaitiy Tang fibres, intrarracheal injec-
tion §37 an ‘abnormal technique which
bypasses .the normal pulmonary clearance
mechanisms. In order to investigate the
fibrogenic and carcinogenic potential of any
fibre sample in normal situations. inhalation
studies are necessary.

This papecr reports long-termn inhalation
and injection studics in rats treated either
wittt dust generated frorn a specially pre-
pared short-fibre sample of chrysotile or dust
from the same type of caw chrysotile gener-
ated in such a way as to contain a large
propartion ol long fibres.

Materials and methods

The’ shoct-fibre chrysotile sample used in
these Studies was supplied by the Institute for
Research "dud Development of Ashestos
(IRDA) aud was prepared by the differentdal
sedimeutation’ techniques reported by Joli-
coeur ¢t al. (£981). Chemical, X-ray diffirac-

1.CODM
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tion aod differential thermal analyses have
confirmed that the chrysotile structure was
substantially unchanged by the sedimen-
tation process. Th@iong-hbte dust cloud was
generated directli from the same batch of
chrysotile (gm;jr 4-"3 U30) that had been used
to prepare th ?,sbqrtﬁbre -sample.

The dust clouds: Wers™ generated using a
Timbreil ﬁbtgu&iﬂtpbeaispenser {‘TYmbrelt 2t
al. £970) wiGANLS 4y “described by Beckett
(t975). and~a ﬂutditéd bed aerosal (TSI
3400) for redpectivélyf the original long-fibre
and shore-fibre chrysorle respectively. The
fluidized bed aerosol generator was needed ta
break up particle aggregatex in the short-
fibre marerial and to produce a cloud consige-
ing mainly of separate Lbres. The electro-
static charge carried on the airbormne dust
was reduced by exposurc to ionizing radia-
tion from f-sources. The purpose of reducing
the chargewas to Avold differences i charge
level which mighb Have arisen from using
different types of ddqt drspemer {fohnston et
al. 1987). The Jévél of elechOatattc charge
can substantally epbancc the deposition of
chrysotile fibres. ﬁoxifs (a} 1983).

The resgxmbr“ duis ma.« coocentrations
were measucéd daily.t Wiy, the Casells MRE
1T3A with samples taken for the full 7 h of
dust exposure and on each of the 224 days of
dusting. The total dust concentrarions were
measured uging open-face somm-diameter
flter holders facing downwards with 7he-
samples collected daily on ten days at a flow
cate of 2 |/minute, The fbre number concen.
trations were asgsessed from membrane Siter
snatch (or very shore peried) samples cot-
lected using 25mm- ~diameter Gelman heads
(open-faced filtersy on §5 separate days. The
samples were exairiined using phase contrast
microscopy (at ‘Gao x mignification) and
counts made of tibres with length > 5um,
aspect ratio greater thaa 3:I and diameter
< 3um, The counting procedures are essen-
tully the same as thoss used for assessing
samples from occupational cuvironments
(AIA 1979, HSE 1984).

The fibre size distributions were assessed
also from snatch samples collected on metn-

{dao
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brane filters and nuclepore filters for o
and scanaing clectron microscopy ra:
ively. Phase contrast microscopy was u:
produce length distyibutions for the
which constituted the number concs
tion, i.e. those fibres longer than sum
The scanning electron microscope (
was used to produce size distribution
fibres longer than o.4um, with mea
ments taken from the video scrae
I0000 X mugnification. The mink
length corresponds to a detection lim
0.15um for the diameters of Gbres wit
aspect ratto of approximately 3: 1.
Samples of long and shore-fibre chrys
uscd in the intrapetitoneal injection sn
were collected directly fromy airborne ou
ial in the inhalation chambers by an elu
tion process chosen to select the respir
fraction of the dust cloud (Bolton et al. 19
For counting and sizing purposcs. weig
amounts of dust were resuspended in kne
valumes of 35% ethanol in distilled ws
These suspensious were treated with a 't
period of ultrasonication to disperse f
clumps before filtering on nuclepore filt
The fiiters were air dried under contro
conditions before being coated with gold
examinatioo by scanning electron mic:
cupy (SEM) st u mugnification of 10 o
In the inhalation studies two groups of

rats of the AF/HAN strain were exposec
clouds of efther long or short-fibre chryso
at & dosc level of Tomg/m3 of respirable d
for 5 days each weck during a peried ¢
year. The animals were aged 3 months act
start of the study. Pollowing the cessatior
dusting, four animals from each group wi
killed to cxamine early histological chan;
in the lung tissue and to dctermine t
pulmonary content of rerained chrysoti
Four more agmimals [rom each group we
killed & months atter the end of dusting b
the remainder were allawed to liva ouc th
full life span unril the experiment was tarm
natad when the number ot survivors in o
group dropped (o six. Thiy point was reachs
at 3T months after the start of dusting whi
the surviving rats were aged 34 months.
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For the injection studies six groups of 24
rats were given a single intraperitoneul
injection of cither long or short chrysotilc at
dose levels of 25. 2.5 or 0.25mg. for injec-
tion the animals were anaesthetized with
cther and the dust was suspended in Iml of
Dulbecco's phosphate buffered saline. All
animals in the injection studies were allowed
to llve out almost all of their full life span and
were killed when moribund.

Porty-etght rats of the same age as the test
groups were maintained in the experimental
unit for their full life span as controls. Control
animals were kept under identical conditions
to the experimncatal groups except that they
were maintained in normal animal holding
rooms while animals ased in the tnhalation
studics were in the inhalation chambers.
Animals were killed when they showed signs
of ill-health until the studv was terminated
when the seven surviving controls had
reached an age of 3 years.

The autopsy schedule for animals in thc
inhalation studies and the control groups
includad the macroscupic examination of all
major organ systems for signs of abnor-
muality, and particular attention was paid to
the visceral and parietal pleural surfaces,
Any abnormalities found were taken for
histological examination. In addition repre-
sentative material was routinely tuken from.
Lhe following organs lor histological examin.
atton whether pathalogical change was evi-
dent or not: langs, mediastinal and hilar
lymph nodes, liver. spleen, pancreas. kidney,
gastro-intestinal tract, mesenteric lymph
nodes. adrenal glands, testis and brain. Tis-
sue for histological examination was fixed in
10% formal salloe and embedded in paraffin
wax. The lungs were fixed by instillation
prior to excision from the thoracic cavity.
Sections of 4ll tissues were routinely stained
with H&E. Van Giesen's collagen stain and
Gordon and Sweet's reticalin stain were used
{for the studyv of pulmonary fbrosis. Serial
sections were cut from the lungs of al
anitnals autopsied with. groups of sections
being mounted at approximately Tmm-inter-

. vals throughout the block. This prucedure

’ promded ‘haterial for detailed examination

from six to cight levels of each lung.
Measurement of pulmonary fibrosis was
undertaken by similar methods to thaose
previously described by Davis et al. (1y978)
except that an electronic image analyser
(Graphic [npformation Systems Limited,
(GDS1) was availuble for use in conjunction
with the light microscope (Davis et al. 1985).
Single luay, sections were cxamined and the
sections selected to contain the maximum

“area’ of ling paccnchyma. As previously

ducrlbed intecstitial fibrosis was estimated
using‘a “x 2 microscope objective lens and
expressed as a percentage of total lung tissue.
Peribronchiolar lesions are more numerous
and Ssmoller and so the lung tissue was
scanned with an eyepiece graticule covering
the tissuc area of 2.92mm* and divided into
100 squares. A x 4 objective lens was used.
Peribronchiolar lesions were recorded as the
percentage of squares containing lesions of
this type.

'The amotiat of chrysotile retained in the
left lung was assayed for rats killed at the end
of dust exposure and 6 months later. The
tight lung from these animuls was prepared

{for histology. The lung burdens of chrysotile

were recovered by ashing the lungs in oxy-
gefiplasma’ In 4 low-temperature asher
(Nanotéch P106). washing the residue with
disttlled Water and recovering on a filtcr. The
residuc material was formed into a potas-
stum bromide disc and the chrysotile content
determined by infrared spectrophotometry
(Dodgson & Whittaker r973). Comparisons
of the dust contents of left and right lungs
have indicated that the ratio of the contents
is 0.6: T and this ratio was used to estimate
the total lung burdens.

For statistical analysis the survival func-
tions for each experimental group werc
estimated Using (he product-limit tncthod
(Kaplan & Meier 1958). The survival curves
for the différent series were tested for homo-
geneity using the Geralized Wilcoxon (Bres-

low) statistic in the statistical puckage BMLP
(Dixon ¢t al. 1983). [n order to compare the
ovérall mortality of the two groups of ani-

et s
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mals. the sacrifice of an animal as patt of a
planned kill was treated as a censoring cvent.
all other dcaths were.treated as responses.
Iacidence of tumours in particular sites was
also compared by.estimating survival func-
tions. All deathg *imimglrwuhout tumours
(n the site i, ue&hqﬁ}ﬁvere recorded as
censoring cvcut.s wmlst tumours in the
specific site ‘wére tre:;ycd -8s responses [rres-
pective of Whether the deach was planned or
unplanned.” me the’inraperitorienl injec-
tion studies, the ihbet of mamours recorded
as well as the survival times of the aqimals
were combined using Cox's method 1o est-
mate the relative bazard of the different
asbestas types at all dose levels (Cux 1972,
Kalbfleisch & Prentice rg80).

Comparisons of levels of pulmonary tibro-
sis and lung dust burdens were made using
the generulized linear models facilities in the
statistical package GENSTAT (Alvey ot al.
1977). The proportlon of lung area with
Interstital fbrosis wa g}oganthm:caﬂy trans-
formed before analysns gsing conventional
anulysis of variance m¢rhod5 The propor-
tion of the pumt: on the lung with peribron-
chial fibrosis was duulysed by logistic regres-
ston techniques. Lung dust burdens were
compared by analysis of variance.

Resules
The target mean respirable dust concentra-

Tuble 1. Airbornie dust concentrations

g oo’

Tigam : " " J.M.G. Davis and A.D. Jones

tions of Tomg/m3 were achicved. The 1
dust mass concentrations and fibre num
concentrations corresponding to the res
able dust concentration of romg/ms
shown in ‘'able x.

PCOM examination of samples from
two dust clouds confirmed that the ‘los
fibre’ dust cloud did contain many m
fibres of all sizes above sum than the ‘she
fibre' cloud. However, the short-Gbre mat
ial used had obviously contained more lc
fibres than the original preparationsrepor:
on by Jollcoeur et al. (19871) when it u
suggested that the sedimentation rechnliq
produced chrysotile samples with all b
<Sum iu length. In the present study o
ratfo of fibre number concentration betwe
the long and short-fbre dust clouds was 5
for all fibres longer than sum rising to 20
for fibres longer than 20um and 80:1 .
fibres longer than 30um. The fibre-leng
distributions obtained by PCOM for the lo
and short-fibre chrysotile clouds arc illt
trated in Pig. t© together with recen:
obtained figures for [ICC chrysotile *
which are included for comparison. T
fbre<length and dlameter distributde
obtained by SEM for the thrce chrysot
varieties are illustrated in Figs 2 and 3. The
sizingy show that the Obre-length distrib
tions of the long-fibre chxysotile cloud gene
ated from bulk 4-T-30 material and used
the present study were very close to du

kY

Type of messurement” s« ;.. ..

©venw

Short-ibre  Long-fibre  UICC
cheysotile  chrysotile  chrysot

Mass of respiruble dust mg'/r-rﬁ {by Casella MRE TT3A) ro.a a0 9y
Mass of total dust mg/m' {by downward-facing open somm-tilter

sampling at 2 I/min) ,

Fihre aumber obtained by PCOM Ghves/ml for fibres longer (um) thun

5
w
20
30

£3.9 I1.81 1.0
1L70 5310 2560
330 £930
33 670
4 320
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Fig. 1. Fibre length distributions of long und short-libre chrysorile d.u_st c!ouds fls.well u::q u chccrh:iﬁznil: :
‘A", Fibres sived by phase conrrast optical microscopy at & m:ﬁx:‘;mhcanqn ol X 6oy. Number 3
parentheses: M, short fibce (2250): ¢. long fibre (2245): 4. ULCCA (4470)
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clouds recently generated in our laboratory
from UICC chrysotile (Davis ct al. 1988).

The §brc diameters of the long-tibre mater-
ial were, however, somewhat lower than
those of the -IHEE chrysotile. Probably
because of this diumeter difference the
number of fibres > jugxq;‘x_x}gngth counted by
PCOM was bigher (6t fjie "long-fibre dust
clouds than faflauds;nt HICC chrysotile of
the same respltible dusiméss.

The survivalof ggg%’als’ti‘cated with both
long and short-fibrathtysorile and animals
in the control group was extremely good
with the mujority recaching an age of more

. than Soo days. There were no sigmificant

differences between the survival of the two
test groups treated with the long and short
chrysotile preparations but the control ani-
mals did survivé longer on average
(P=o0.002). "
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Fig. 4. Au wrea of peribronchiolar fibrosis from the lungs nfa rat after T2 months axpusurs ta a dusk clou

of 'long’ chrysatile. x 350.°
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Both gronps of rats dusted with the cly
sotile preparations developed the same p
tern of pathological chunge previous
veported in similar studics lrom this [nstite
(Davis ef al. 1978, 1985, 1986a-c). ALt
end of the 12-month dusting period the ma
leslons present were deposits of granulati
tissne around the terminal and respirato
bronchiolas (Kig. 4). ‘This granulation rissi
consisted mainly of macrophages and fibe
blasts but foreign-body giaut culls were al
present. Ar 12 months after the stant
dusting chere was marked retienlin stainic
in the peribronchiolur deposits althoug
relatively lLittle collagen could be demor
strated by Van Ciesen's stain. With incres
ing time after dust exposure. however. coll;
gen staining became progressively mo
marked and in old animals the lesions cor
ststed of mainly accllular fibrous tissue. Bot
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Table z. Levels of pulmonary fibrosis produced by long and short-ibre chrysortle duswy

Chrysntile dust
Long chirysotile = _?h'-’vt chrysotilc Control group

Tinie after start

of expoxurc

(months) Y2 I8 28~=30 28~30 33
Numbar of rats

examined 4 4 11 2 Tore , IO 23
Peribronchiolar 4.0 8.9 — Yo g lewadi g T —_ 0

fibrosis (9.4=18.2) (A.8~11.2) (2.9-5.7) {(r.7-2.3)
Interstitiul 0 0 12.6 0.2 0 2.4 0.I

{ibrosiy (6.4~23.9) (0-0.9) _ (0.3-6.7) (0~1.9)

The figures in brackets ave ranges.

H
FET— 4 2 arem,
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- ) - ‘. an o " .
Fig. . An area of early interstivial tibrosis from the lungs of o rac r2 months after the wrmination of
cxposire to a dust cloud of lony-fibre chrysutite, The alveotar wally arc thickened and the epithelial lining
appears to consist almost entirely of rounded type [T pneurnocytes. % 350-
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treatment groups showed deposits of thiy
* peribronchialar fibrosis around many of the
smallext airways at 2 months (Table 2) but
levels in the animals treated with long-fibre
chrysotile were significandy higher than foe
the group treatsd Wit $hort-fibre maters
ial (P<0.001). By 8 months both treat-
ment group‘sﬁ';’g‘spomd-m fkeduction in peri-
bronchiolarifibfosis and:faken overall. this
reduction was v-.p!,”cg,giﬁgi_;;iﬁé'ant (P<o.war),
After 18 mo‘ﬁm_sf'}fér‘q‘ the start of dusting,
widespread alveolar interstitial (ibrosis deve-
loped and this tended to abscuce many of the
earlier fibrotic depasits. For this reason.
estimations of peribronchiolar flbrosis werc
limited to the Grst two killing dates.
From about 18 months anwards areas of
lung tissue in some animuls showed a pro-
gressive thickening of aiveolar septa. This

thickening of alveolar walls in response |
treatment with asbestos was described |
detail by Davis et al. (T986¢). In its earlic
form it was caused almost entirely by hype
plasia of alveolar lining rells (Fig. §) but lan
there was considerable deposition of reticulj
and eventually collagen in the septal wall
As shown in Table 2, areas of alveol:
interstitial fibrosis becama more widesprey
in both treatment groups with increasin
time after the end of the dusting period. Mea
areas of luterstitial fbrosis found in thous
animals that sarvived to within 2 toaths «
the final killing date were 12.6% for th
group treated with long-fbre chrysotile (x
rats) and 2.4% f{or those treated with shor
fibre chrysotile (1o rats). This difference |
significant (P <o-0001). [n many areas ¢
lung tissue the interstitial fibrotic element ¢

p— NP

-
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Flg. 6. An area of advanced (nterstitial fibrosis from the fungs of 4 rat 17 months after the tecminarion o
exposure to a dust cloud of "long’ fibre chryxotile. The aicspaces which in many cases are entarged and v
longer correspand to the otiginal alveali ari: lined with rounded type I preumocytes. ‘The airspace wall
are greatly thickenued with reticulin and collagen which can be demonsirated by special stains, x 350
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these leslons rewmained preduminant
throughout the study (Fig. 6) but in others
the hyperplasia of alveolar cpithelial-cells
became progressively more marked Lo pro-
duce u partern of adenomatosis (Fig. 7).
Some definite adenomas could be seen to

have developed from the central regions of

these areas and it is Ukely that this was also
the sitc of origin of sorme carcinomas
although by the time most of these were
discovered they were too widespread to be
certain. All animals developing pulmonary
neoplasms had significant levels of intecsti-
tHal fibrosls or adenomatosis in addition.
Rats from both the groups treated with
cither long-fibre or short-fibre chrysotile
developed some pulmonary neoplasms.
However, while apimals treated with the
long-tibre preparution developed eight ade-
nomas, eleven carcinomas and two pleural

803 877 7558
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mesotheliomas, animals treated with shogt-
fibre chrysotile developed only one adenoma
and six carcinomas (Table 3). These overalf °
tumour numbers are significanty different
(P<o0.002). The figures used in Table 3
represent  the 1nost serious pulmonary
wmdﬁf'ﬁfg‘e_gt.jn any one rat. Two animals
treuted with the long-tibre chrysotile dust
_ ;%Sénigx}?‘ fonary adcnomas as well as
s N ’i

ffunary/gatcinoma.
mg:%g@}jgmo pletiral mesotheliomas
developed’in“the present study, many of
those rats examined in advanced uge that
had becn treated with either the long ov the
short-fibre chrysotile preparation showed
areas of vesicular pleural metaplasia, This
type of lesion was also {vand in previous
long-term ‘inhalation studies with different
asbestos preparations (Davis et al, £986a).
Areas of thétaplasia consisted of loose,

.,'b. [

Fig. 7. An area of advanced intersttisl ibrosis from the lungs nf a-33-manth-old rat weatad with long-
fibec chrysutile. The epithcliul fining of the alrspuces has becoms so prominent that the pattern Is one of

adenomatosis. X 350.
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Tatle 3. Pulmonacy tumours and mesotheliomas found in animals treated with long and short-fib
samples of chrysotile asbestos and in a controf group of rats

.
P

P Ty A Long Short
choyantile chrysatile Controls
Nx.&ﬁw rats 40 40 47

'.; e ’&;‘ 4 " ¥
Fig. 8. Vcsiculaii' 'hxp}:"rg}‘a':'sﬁi'a':_éf the visceral plaural surface of a rat lung 8 months after the end
exposure to 'loxig;n!:gl‘e chrysotile. Many tissue spaces lave been formed in a marrix of looss connectiv
tissue and mmc‘ﬁéé_lizxag_gggfi_ﬂaneued cells of mesorheltal type. x 350
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1; 8 T I
"Adehdébrcinomas 6 6 r
Squaribirs carcinomas 5 ) a
Histideitomas T 0 0
Pleural mesotheliomuy 2 a 0
Peritoneal measotheliomas I 1 0
‘To;als 24 8 2
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fibrous tissue contalnin}”ldarge vesicular  thin that they cousisted of two closel:
spaces lined with Sattened cells (Fig. 8) and  apposed layers of extended and flactened cell
previous TEM studias had shown that these  with no basement membranc between them
cells were of mesothelfal type. Occasionally  Where cells were supported by areas o
the walls betweeuwycsi;pu.lar spuces were so  fibrous tissue a basement membrape wa

R
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present. While no method has been deve-
loped for the direct quantification of this
pleural metaplasia, lts occurrence iy closely
related to the presence of advanced intersti-
tial fibrosis or adenomatosis in the lung
tissuc and it is particularly common whore
patches of this type of purepchymal lesion
have reached the surfuce. This means that in
the present study it was much more frc-
quently found in animals reated with long-
fibre chrysotile than in those treated with the
short-fibre preparation.

It is uncertain whether or not this vesicu-
lar pleural metaplasia is a potential precursor
of pleural inesotheliomas or not. While
almost ull the chrysotile-treated animals
surviving until the last 6 months of the
present study showed some evidence of Lhis
type of change. only two definite pleural
mesotheliomas were found. Both of these
occurred in the long-fibre treatment group

d neither shuwed histolugical patterns

ilar to the vesicular hyperplasisz. One of
these mesutheliomas hud a papillury struc-
ture and the ofther consisted of spiodle-
shaped cells of fibrusarcomalos type.

No important differences were noted in the
types of non-neoplastic disease arising in the
extra-Lthioracic tissucs of animals from the

two chrysotile proups or (rom the controls.
Since most of the animals were allowed to
survive until of an advanced age. the major-
ity of lesiolis present at autupsy were asso-
ciated with senescence.
Qigggc ptd]zor,non of the rats in both
chtyﬁq‘;(,(e u-ealmént groups and the control
ﬁa ‘,‘_,é opedtitmous in non-pulmonary
; .Tbgy reliched advanced age. The
numbers of tu_uxu‘q;'s recorded are illustrated
in Table 4 whepe individual tumoury are
recorded althétfgh a aumber of animals had
more than one tumour present at autopsy.
This applied to three animals in the long-
fibre freatment group, six animals in the
short-fibre group and six animals in the
control group. There were no significant
differences between the overall numbers of
tumours found in the three groups of rats.
The lupg content of chrysotile found in the
long and short-fbre treaument groups at the
end oi;,the dusnﬂg period and 6 months later
is Hlus ted m,,'l{gble 5. Animals treated with

shor;.ﬁbx;cﬁch&ysg;ﬂc retuined nearly three

timesas misch digh at the end of the exposure
penmizas anm;gj%eated with long fibre. [n
the aubsequent imonths. however. 85% of
the short-fibreichtysottlc had been removed
from the luag tissue compared to only 54% of

Table 3. Nonepulinonary umours found in animals trested with long and short-fibre samples of

chrysotile usbestos and in a control group of rats

Shgrt_ chieysottle

Long chrysatile Contrals

Number of rats examined 41 41 47

Organ system B B M
Digestive/peritoncal T 3 2
Urinagenits! —_ — I
Endocrine 6 L3 4
Musculo, skeletal and wrtegumentary 6 T 5
Keticulo-endothelial/vaseular — — 3
Centrul nervous system — ] — T
Totals 13 L7 10 19 L7 16

. B. benign: M. mulignant.

r o

DEFGTIUCN TIURRR, 14 ¢ Fan
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Table §. Lung dust burdes from the clicysotle inhalation cxposures

Mean lung burden of asbestus

TR 47 ket ghort-ibre chrysatile
‘I‘ﬁm:,pmt. R

Long-fibre chryyoutile

cxposum :‘mLeftfum,only Both lungs*s  Leftlungonly Both lungs

At
3 dayc P 91 {86)
6 munths ﬁ%ﬁa: Tro)

w.\.v\

1019 (224)
o9 (26)

351 (rgs)
161 ( 39)

135(75)
62 (z5)

Yit

~ Uu.lr.s are mlcrograms of dust (s.d. In brackets) and ara mean figurss

obtained from groups of four rats,

** Figures obtained by calculation trom the {eft lung dust content.

the long-fbre dust. These differences in pul-
monary deposition-and clearance between
the long and short-chrysotile preparations
are both significant (P <0.0X).

Intraperitoneal 'i'ﬁ]e:fii"z;“(i‘ §'tdi'1ié‘t

Tan

Sizing of dusts by amzumng. lection microscupy.

The dust samples of longand short chirysotile
used in these injection studiés were collected
from the inhalatton chambiers used in the
inhalation studies by an clutriation process
in order that they would be as comparable as
possible with the dusts inhaled by the rats. It
Is recogmized. however, that dust samples

collected in this way will not be identical in
bre size distribution (v sirborne dusts and a
separate SEM sizing cxercise was undettaken
with the dusts used for injection. The results
obtalned are illustrated in ‘Lablc 6 cxpressed
as fibre numbers per milligram of injected
dust in each size range. Difficulties in deter-
mining from these figures an exact number
of fibrex in any size range needed to produce
mesotheltomas are explained in the discus-
sion section of this paper.

The numbers of peritoneal mesotheliomas
lound following injection of long and short-
fibre chrysatile at three dose levels are listed
{n Table 7 together with the meun tumour

Table 6. Numbers of luay and short-ﬂbre chrysotile present in the dust samples used in the intraperitoneal

imjection study "

(3

Fibre ié'r;gjth Long-tibre chrysatite  Short-fibre chrysotite

- ;x -7».;:';-7 e
VAl Rhres 92.7
R 57:4
>3- 212
>jG .. L5.2

TEedl
>8 i, 10.2

dFibra

343.0
th2.0
24.4
74
2.3

fication of x 10 000.

.

RECRIVED PIMENRC 12 m 4.E0DM

. These figuces represent the number of libres in each size
. range in each microgram of injected dust. They were
abtalned using scunning electron mlcroscopy st a magni-
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Table 7, Mesothelioma production fullowing injection of long and short chrysodle dust

Dose Long-ibre clirysotile Short-fibre chrysodle

() ;
Mean induction g}, e Mean induction

Animals with period maf:rw}tﬁ' -+ period

mesothelioma (days) mesulhelmmf '. -(days)
23 23 361 22 33-" e 504
2.5 az STt ; T 875
0.25 I6 736 Q. -~

Group size 24 rats in all cases.

induction periods for each group. At the
highest dose level of 2gmg. little diffcrence
was found in the numbers of tumours pro-
duced by the long und short-fibee chrysotile
preparations. At dose levels of 2.5 and

.0.2 smg, however, the short-ibre chrysotile
materiul was signilicantly less carcinogenic
than the long (P <0.001). The 0.25mg dose
of short-fibre chrysotile failed to produce any
tumours in the group of 24 rats,

Within the experimental groups injected
witht cither the long or short-fibre chrysotile
preparation there was evidence of an
increased tumour induction pertod with
reducing dose of dust. This phenomenon has
previously been reported for both chrysotile
and amphibale asbestos (Bolton et ql. 1984.).
Even at the 25mg dose level where tumour
numbers were similar. the mean tumour
induction perind wgs different with the
short-fibre preparation taking significantly
longer tu  produce  mesotheliomas
(P<o.001). This increased tumour induc-
tion period with short-Aibre chrysotile was
also seen at the 2.5mg dose level where it
was equally signiticant and would probably
have been seen with the 0.25mg dose if the
short-fibre chrysotile had produced any
mesotheliomas at this level.

Discussion
q The present study has confirmed the impor-

DOARIUDN DIUDADRA (A4 o 1.ram

tance of .hbre length in the pathogenicity of
chrysotilé ‘asbestos although the results are
less clear cut than those recently reported for
amosite where.the inhalation of short fibres

produced neither pulmonary fibrosis nor

‘tumours, (Davis et ul. 1986b). The reason for

thisdies almust certainly in the quality of the
short-ﬁbwwbrysotﬂe preparation that was
available foF inhalation studies, In the origi-
nal report of olicoeur et al. (1981) it was
stated that’the sedimentation techniques
which had béén developed allowed the pro-
duction of chrysotile samples with all fibres
below 8um in length. It was found, however,
that while this certainly applied to samplex of
a few milligrams. it was uot practicable for
the 1. skg needed for long-term inhalation
studies. In | ‘the._ ‘aitborne dust clouds at
respirable mass dose of Tomg/m, the shoct-
fibre cloud had only five times fewer fbres
> 5pm in length as seen by PCOM than the
Xong-ﬁbre sample used for comparison. Iow-
ever,, it greater fibre lengths the differcnces
Wi mo::e subsltmtlal with zo timcs fewer
fibres >zoym in length and o times lewer
fibres > 30.ux in length.

Thix short-fibré chrysotile sample cer-
tairily reprcseuced the shortest chrysotile
that hds been available for long-term inhala-
tion studies and has permitted a2 meaniugtul
comparison to be made with long-fibre dust
using both inhalation and injection tech-
niques. Because of fbre levels of over 300

PE
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fibres/ml > roum in length. it is 10t surpris-
ing that the short-fibre dust cloud produced
hoth pulmonary librosis and pulmonary
ramotirs. However, the long-fibre dust with
five times more fibrey > sum in length and
six times more fibres >Toum in length
produced approxxmately six times morc
advanced mtemﬂﬁa’l Hibrosis in the oldest
animals and. .txmcs,.more pulmonary
tumours. Thesa ﬁguresﬂr,'gmld indicate that

whereas only the relanxgl'"}png fibres stimu-
laﬁtﬁmw%ur in

length) which were present in much larger
numbers in the short-hbre preparation. do
have some carcinngemic polential, With an
amodite preépatation, bowever, whore ex-
tremely few fibres were > sum in length,
neither interstitial fibrosis nor pulmonary
tumours developed (Davis et ul. x9866). It
has heen reported previously from this anit
(Davis et al. 1986¢) that -asbestos-related
pulmonary tumours in rats tend to develop
from areas of intersttial fibrosis via a stage of
epitheliulization:of airspaces which leads to
adenomatosxs 'fl:. s Tx.kcly, therefore. that
Usese stages of intérstijjalyibrosis and adeno-
represent the. ajrect res

dust. with the progrest{on-of ‘precancerous’
leytonis to definite tumours being a more
haphazard process. if this is so then a fibrous
dust that is unable to produce fibrosis. is
unlikely to prodm.e tumoury, ’

An undersmudmg of the prectse number of
fibres in any size range uecessary to produce
tumours has been un important reseacch
goal for many years. The problem is. how-
ever. beset with technical difficwtics. par-
ticularly where inhaladon studics are con-
cerned. [t is relatively casy to determine the
numbers and sizes of fibres'in a dust cloud but
the proportions reachmg the alveoli and
retuined in the fong for. lonz periads will vary
with fibre size and the hcxmcal durability of
the fibres. A numberiof Workers including
Wagner et al. (1974), Middleton et al. (1977
and Davis e al. (1978) have shown that
following exposure to the same respirable
dust wass, much morc amphibole Uton
chrysotile was present'in rat fungs at the end

fibres p

of hoth long and shore inhalation periods, I

- was suggested by Timbrell (x973) that thi:

was dus to the curly chrysotile fibres being
more likely to impact on the upper airway:
and lo be clearcd on the mucoclliary escala
tor within a few hours. Recent work with
lung and short amosite (Davis er al, 19860
and the present study with long and short
fibre chrysotile have allowed a better under
standlng ol thc interrclationships betwees
deposition. mechanical clearance from lun:
tissue. and fbre dissolution.

With both amosite and chrysotile, signifi
cantly more short-fibre material than lon
was present in the ¢ end of a one
year dusting period. confirming that lon

gas

€ Mean hgures in questio
were 3570 and 5640up/rat for amosite an
350 and to20pug/rat for chrysotile. Thes
figures demonstrate, however. that muc
more long-fibre amosite was presentthan tk;
very much shorter chrysotile materiul, ind
cating thatfibre penetration was not the on.
factor in determining the lung dust burde:
During the 6-month period after the end

dusting the short-fibre amosite and clrys
tile preparations cleared more rupidly the
the long from the lung; at this time the lor
and short-fibre amosite burdens were 30¢
and 4470ug respectively with the compa
able figures for chrysotile being 161 ar
Togug. This more rapid clearance of she
fibres would be expected if mechanical rem
val of the short, easily phagocytosed Bbres |
pulmonary macrophages was the main pr
cess involved. However, the proportion

chrysotile vemoved was much higher th:
far the equivalent amosite preparations wi
clearance of long and short-tibre amosite

14 and 20Y% respectively compared (o 54 ai
89% for the lung and short chrysotile, Tt
possible that macrophages phagocytose a
remove chrysotile Hbres more readily th
amostte but there is no evidence of this anc
is morc likely that these fndings demt
strate that dissolution of chrysotile fibres
lung tissuc is an important factor in |
removal of this dust. These obscrvations
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very well with findings from lung tfissue
where far morc amphibole than chrysotile is
found in the lungs of asbestos workers at
autopsy. even when chrysotile has been
known to constitute by far the bulk of dust
inhaled (Ponley 1976, Gylseth et al. 1983).
" The combination of variable fibec deposi-
tion and dissolution makes it impossible at |
present to calculate accurately the numbers
of fibres in a dust cloud thac will be available
in the lung Lo cause disease many months
later. Injection studics where there are no
problems of deposition and clcarance of dust
should permit an easier cxamination of the
number of Bbres necessary fo produce
tumours. With chrysotile, bowever, the
problem is still complicated by the separation
of Hibres into individual fibrils which may bea
variable process when lurge masses of dust
-aredmjected. Electron microscope counting of
fibres from a liquid suspension also presents
technical difficulties. With all asbestos types
it is difficult to be certain that the filtration of
fibres onto nuclepore flters results in a
completely even distribution of the material.
With chrysotile this is particulacly difficult -
and even {n dilute suspensions the fibres tend
— — 10-aggregste nto-clumps. Onc method of
avolding this is the use of a brief period of
ultrusonication of the solution before filt-
ration. a process adopted by most workers
cxamining the Bbre content of human lungs.
There iy a risk. however. that this treatment
— will_cuuse-some splittinig of Tibres, pacticu-
larly chrysotile, and so increase the numbers
counted.
In spite of these problems, it was still felt to
be s worthwhile exercise to produce SEM
‘counts from the long and short-fibre chryso-
tile preparations usad in the injection studies
{Table 6). For the reasons stated, they prob-
ably represent an overcstimate of the

" rrrmeber; of fibres injected although with the”
separation.of cREysotile in¥o individual-tibrils.

in the tissues, they will be an underestimate
of the number of active fibrc units available
to stimulate tutnour production. However.
regardless of the level of accurucy of the
chrysotlle counts obtained by SEM. it is

obvious that very large numbers of Bbres
must be injected into the peritoneum. of muts
to producc mesotheliomas. The dose ol short-
libre chrysotile which produced no tumours
in 24 rats wuas calculated to contain
-8:6 x £0*fibres of ali lengths #ud 57 x xo®
fibres > 8um in length (Stanton et al. (1977)
mfb ué'nzd that Abres > 8um in length were
¥ c,mcfsc cafcinogenic). While the number of
“'ﬂntmalgp écted was too small for it to be
-certainy’ glat this represents a detinite zero
response, the injected dose was still very
substantial in termy of fibre number. Even
allowing for the yhort life span of the rat, this

. seems to be strong evidence that-substantial

e
order to make it likely That mesothelioma will
declop TR b of elevance to current
féars of the possible carcinogenic effect of
extremely low exposures of humsns to asbes-
tos, such as occur in the environments of

public buildings and schouls.
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