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Comparative Studies on the Cytotoxicity
cf Amphibole and Serpentine Asbesioes

by John E. Craighead,* Brooke T. Mossman,*
and Bruce J. Brad!ey'-

WOTICE: THEIS MATERIAL MAY BEFRO
BY COPYRIGHT LAW (IITLE 17, U.S. CODE

The chemical and pirysical properties of serpentine and amphibole asbestos are considered in the context
of their interaction with tissus of te tracheobronchiol tree wml lunp. In vitre studies in cultures of several
types are evaluated saul work with the erythrocyte hemolysis sysiem is reviewed. Althounh fibers of the two
Rujor misernl types differ substantially, it is likely they are modified hy secretions and membraoes of celis
alter inhalation 10 the respiratory traci. Jnvestipations using virgin asbestos might ot provide an accovate

picture of eveuls in witre.

Asbesios is not one, but a family of, hydrated
silicale minerals having a {ibrous crystalline struc-
ture. The types of asbestos differ mineralogically
and, as might be expected, these chemical and
physical differences are reflected in the mechanism
of interaction of fibers with cells. In this paper, we

- consider comparatively the characteristics of ser-
‘pentine and amphibole asbestos and attempt to relate
these features to the pmhogcncuc effects on tissues
of the respiratory tract.

Structural and Chemical
Properties

" Serpentine asbestos derives its name from the pli-
-able, curled, *‘serpentlike’” property of the fiber
(Fig. 1). Chrysotile, the only commercially impor-
tant mineral of this type, comprises over 90% of the
asbestos mined in the world today. The members of
the amphibole asbestos group are more numerous,

but have fewer commercial uses. The amphiboles:

(crocidolite, amosite, and anthophyllite) cxhibit a

coarse, fibrous structure (Fig. 2).
The mineralogy of asbestos is complex and in-

complctely defined, The types vary in major cle-

*Department of Pathology. Umvcmty of \'crmonz College of
Medunc. Lurlington, Vermuoat 05305,
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mental composition, but have a basic Si.0, com-
position. Within the individual classes of asbestos,
structural variability is common. Morcover, inor-
ganic and organic chemicals of a variety of types
contaminate the mineral, Some of these foreign sub-
stances are found in association with the paiurally
occurring fiber, whereas others are added during
milling and industrial processing.

The biological effects of the various ashestos min-
erals appear to relate to their chemical and crysial-
lographic properties. The fundamental Si=0s sub-
units of chrysotile are tetrahedra linked to form
extensive thin sheets of fixed composition. On the
apical oxygens are located hydrated magnesium
molecules which account for the highly polar, basic
property of the mineral. The layers of this silicais
characteristically form concentric cylinders that
parallel the fiber axis. In nature, these structures are
arranged as loose bundles. This property accounts
for the tendency of chrysotile to fragment iato sub-
fibrils and segments along both the long and short
axes (Fig. 3).

Amphibols asbestos is formed of chuins of tetra-
hedra linked into SiiO1: units. The chains are four
tetrahedra wide and are situated pamliel to the Giber
axis. Cations of various types bind the units, al-
though these minerals cleave along purallel planes
and are belicved to break down.into subumnits in tis-

sue (Fig. 4). ) i

77BB 0020631 1

i o oA sl S S 7

37

2124



g o - e g b = 1 g W MR - o, e g, T T - A e i g = ———ry S o -an
ok s T T T e e i e = ER Py S NSt A

B NOTF'“"H“"\"""l’?w'"l?T”"‘i'
! T BERERE B

dlarass A

YT Ce 4, ki o
PO IR RO O T TTINT

N

-

iy

B .r,('[l . P‘;‘;'*m-. e
‘/', e,

et

-t
/f’-_'

rag
L

L e e

Frcume 1. Scanning electron micrograph of the serpentine asbestos, chrysotile, Note the variability in lengih and diameter of individual
fibers as well a3 their twisted and curied “serpeatlike™ properties.

Asbestos in the Respiratory Tract  Because fibers of small size cannot be recognized in
tissue by traditional morphological techniques, the

The fate of inhaled asbestos in the human respira- distribution and density of these deposits in the lungs
tory tract is incompletely detined. It is recognized is undefined, and their biologic significance unclear.
that relatively long fibers either are removed from ‘Fibers of both serpentine and amphibole asbestos
the inspired air in the upper respiratory tract or  exhibit complex surface deposits of iron-containing
eliminated by the mucociliary escalator system of  proteins (ferruginous bodies) when observed in lung
the tracheobronchial tree. The aerodynamic proper- tissue by light microscopy. These fibers are believed
ties of fibers are complex, but studies by Harris et al. to be chemically inert. It seems unlikely that similar
(1) indicate that the depth of penetration of a fiber *coats’* form on small fiber fragments in tissue, but
into the lung parenchyma relates to its cross-  this remains to be determined. Studies’ in severl
sectional diameter. Of importance is the fragmenta- kaboratories have demonstrated the uptuke of both
tion of fibers that is thought to occur after inhalation. albumin and sialic acid by chrysotile from biologic -
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Fucime 1, Scaoning electron micrograph of the serpentine asbestos, chrysotile. Note the variubility in length and dinmneter of individual
fibers as well a3 their twisted and curled “serpentlike™ properties.

Asbestos in the Respiratory Tract

The fate of inhaled asbestos in the human respira-
tory tract is incompletely defined. It is recognized
that relatively long fibers either are removed from
the inspired air in the upper respiratory tract or
eliminated by the mucociliary escalator system of
the tracheobronchial tree. The aerodynamic proper-
ties of fibers are complex, but studies by Harris et al.
(/) indicate that the depth of penetration of a fiber
into the lung parenchyma relates to its cross-
sectional diameter, Of importance is the fragmenta-
tion of fibers that is thought to occur after inhalation.
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Because fibers of small size cannot be recoznized in
tissue by traditional morphological techniques, the
distribution and density of these deposits in the lungs
is indefined, and their biologic significance unclear:

‘Fibers of both serpentine and amphibole asbestos
exhibit complex surface deposits of iron-containing
proteins (ferruginous bodies) when observed in lung
tissue by light microscopy. These fibers are believed
to be chemically inert. It seems unlikely that similur
*coats’’ form on small fiber fragments intissue, but
this remains (0 be determined. Studies in severnl

laboratories have demonstrated the uptluke of hoth .

albumin and sialic acid by chrysotile from biologic .
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Figure 3. Hypothetical representation of the fragmentation of a chrysotile fiber into fibrils wlong the
- Jong and short axes. Chrysotile fibers are comprised of numcrous subanits that fragment when

exposed 1o physical forces and biological fluids in vivo.
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FrGurt 4, Dﬂq:nmumlu: representation of an amphibole asbestos fiber as represented by 3 stack of
2 x 4 in. pine buurds. Fibers of crocidulite alvo frugmwnt into subunit fibrils uhcn expoved 1o

physical forces and bmlo\uc Nuids in vivo.
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tract secretions and fluids on the intrinsic structural
and chemical integrity of the fiber is lacking. A de-
crease in the Mg:Si rutio of chrysotile fibers in pul-
monzry tissues has been demonstriied (8). This sug-
gests that Mg** is removed in tissugs, as is the case
when the fiber is treated with acid in vitra.

Interactions ¢f Asbestos
With Cells :

It generally is assumed that alveolar macrophages
pha"ocyuzc the bulk of the smull nshestos particles
entering the acini of the lungs. Because chrysotile
asbestos is cytotoxic {or these celis in vitro (4), one
might conclude that injury to the macrophages also
occurs in the respiratory tract. Whether ornot this is
a correct assumption is a matter for debate. As
briefly discussed above, the surface propertics of the
fiber doubtless arc changed by their interaction with
rcprratory secretions. Thus, laboratory studies
using virgin asbestos may not appropriately simuiate
events occurring in vivo. Studies by Brody et al. (9)
have demonstrated phagocytosis of chrysotile by
macrophages and type | pneumocytes in the lung of
rats several days after inhalation exposure. These
cells fail to reveal evidence of cytotoxicity when

examined ultrastructurally.

Erythrocytes
The interaction of asbestos with mammalian
erythrocytesin vitro has been examined by a number
of investigators in an effort to assess the mechanism
of call injury &7, 10). We have pursued the model
using -scanning clectron” microscopy to define the
structural alterations that occur in cells interfuced
with fibers. As can be seen in Figure 5, dramatic
configurational changes become evident in the
erythrocytes shortly after chrysotile isadded toa cell
suspension. These studies strongly suggest that
hemolysis occurs, at least in parl, consequent to
physical distortion of the red cell membrane. Injury
10 the cell also might resuit from alterations in the
intrinsic molecular structure of the bilipid plasma
membrane of the cell as has been suggested by
Harington (¢). Experimental data from our Jabora-
tory suggest thut both mechanisms play a role in

hemolysis (5).

When virgin chrysotile asbestos is mncd with.

erythocytes in vitro, the cell membrane and the fiber
* interact intimately and the cell leaks hemoglobin.
This fails to occur when fibers are “‘coated™ with
either albumin or sialic acid, and after acid digestion,
The amphibolc asbestos, crocidolite, hemolyzes red
blood cells after prolonged periods of exposure in
vitro. The mechanism is unclear. Configurational
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changes in the cells fail to developand the interacti n
of Tiber with erythrocytes is less intimate. (Fig. 6).
Since the fibers lack the strong positive charae of
chrysotile, thesc observations suggest that ionic
surface pmpcmes or the asbestos fibers are intrinsic
to the cellular interactions of asbestos.

Cultured Fibroblasts and Pulmonary .
Macrophages in Vitro

Studies concerned with the toxicity of asbestosfor
cultured cclls have been reported from a numbgr of

different juboratories. Although general conclusions

can be drawn from a review of the literature, indi-
vidual reports conflict somewhat with another. It
seems Jikely that the contrasting results obtained by
various investieators reflect differences in the celi
culture systems employed and subtle variables in
experimental protocols. The intrinsic properties of
the asbestos particle also are important. It is uppar-
ent that results with fibers of different length cannot
be compared. Moreover, weight wouldseemtobea
poor criterion upon which to base an assessment of
dosage ciTects imasmuch as the surface properties of .
the fibers appear to be critical determinants of cellu-
lar injury.
The work of several investigators clearly demon-
strates the cytotoxicity of chrysotile both for fibro-
blasts (/1-7/3) and pulmonary macrophages (14, 15).
The effect on fibhroblasts doubtless is conscquent 10
the surface charge of the particle and its Mg?** con-
tent. Amphiboles appear to exhibit variable toxicity
for reasons that arc not evident. The effect could be
atiributable to either inorganic or organic surface
contaminan's, but this is uncertain. The mechaaism
of macrophage cytotoxicily is more complex, inas-
much as the fibers interact with membranes of both
the cell surface and the phagolysosomes. Release of
lysosomal enzymes consequent to ingestion of the
particle has been amply demonstrated. Since many
fibers are too long to be taken up by cells, there might
be an accentuated effect on enzyme release due to
leakage from the phagosome (exocytosis).

Tracheal Epithelial Cell Monolayer Cultures

Fipure 7 summarizes the results of studies carried
out in this laboratory using moaolayer cuitures of
epithelial cclls derived from the mucosa of the
hamster trachen (76). These cells exhibit the differ-
entiated propertics of respiratory epitheliul cells for
they produce extracellular mucins {/7), and contain
both cilis and mucous vacuoles (/6). As can be seen,
chrysotile inhibits growth of cells over a range of
dosages when the mineral is introduced at the time
cells are plated (/8). Equivalent amounts of ¢crocido-
lite huve no effect. Thus, abservations using differ-
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ber interucting with the negatively charped polysacgharide aml
Chrysotile is highly cytolytic. . .
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Ficune 7. Effect of (- -) chrysotile and (—) crocidolite on growth of monolayer cell cultures derived from the hamster tracheal

epithelivm. The effect of chrysotile is attributed 10 cytolysis.

entiated epithelial cells in monolayers correspond
with the results of studies by other investigators
using both fibroblasts and macrophages.

Tracheal Epithelial Organ Cultures

In a recent report, Mossman and Craighead de-
scribed the events that occur when explants of
hamster trachen are exposed !0 crocidolite (/9).
These studies document the cytotoxicity of the min-
eral for the mucociliary mucosa. This effect appears
to be consequent to a direct interaction of the fibers
with these highly differentiated cells. Interestingly
enough, basal cells were not affected, and an intact
layer was observed adjacent to the basul lamina afler
the superficial cells had sloughed. These cells
phagocytized the asbestos particles and responded
by underpoing hyperplusia and metaplasia. When
chrysotile was introduced into cultures of trachca,

CYTOTOXICITY I RAMSTER TRACHEA 24 hrs
(AFTER  ASBESTDS EXPOSURE

- * oL {<)3%)
g
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Ficure 8. Effect of chrysotile and crocidolite on the intact differ-
emiated respiratory mucosa of hamster tracheal orgua cub

tures. Cancentraiions indicate the amount of usBestus (mg/ml) -

in the medium.
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cytotoxicity was more pronounced. (Fig. 8). As with
crocidolite, the basal cells remained intact. Thus, the
differentiated epithelium responded to both types of
asbestos in a comparable fashion.

Discussion and Summary

Asbestos is a generic term referringto a famlly of
hydrated silicate minerals having a basic fibrous
composition. Serpentine and amphibole asbestos
differ structurally and in chemical composition.
These features are reflected in the biologic effects
summarized here.

The cytotoxicity of the serpentine, chrysotile,
appears to relate to its magnesium content. Most, if
notall, of the effects are believed to be consequent to
the strong positive charge this cation introduces on
the fiber surface. Chrysotile avidly interacts with the
membranes of the cell surface and lysosomes. The
mechanism whereby it injures these structures re-
mains to be defined,

In biological systems, chrysotile would appear to
interrelate dymamically with its environment. The
cytotoxic properties of the mineral are attenuated by
a wide variety of naturally occurring anionic sub-
stances, and the highly reactive Mg** ions are
leached during residence in wvive. Thus, inhaled
chrysotile in respiratory tract tissue is not comparn-
ble to the virgin mineral used in most in vitro mode]
systems. The amphiboles, amosite and crocidolite, *
are less cytotoxic than chrysolile. These minerals
also absorb biologic substances from fluids and tis-
sue in vivo. Thus, the surface properties of the am-
phiboles also change in the respiratory tract.

Thecytotoxic efTects of the various asbestos types
may, in part, be consequent to the inorganic and
organic materials that contaminate the basic miner-
als. This is a hypothetical consideration, however,
for conclusive evidence to indicate that these sub-
stances injure cells has not been published as of yet.
Asbestos tripgers the alternate pathway of the com-
plement system. It remains to be determined
whether or not complement-mediated injury is im-
portant. Moreover, it is not known if the interaction
with complement enhances uptake of particles by
alveolar macrophages, celis having plasma mem-
brane Ca receptors.

In our experimental organ culture system, both
crocidolite and chrysotile were cytotoxic for the
differentiated mucociliary cell layer of the tracheal
mucosa. At present it is notclear why the basal cell
Inyer ts resistant to the injurious cffects of asbestos.
However, as discussed above, the fiber surface is
maodified by its interaction with hiologic substances,
This may render the particle nontoxic. Whatever the-
mechanism, the lack of an appurent effect of asbes-
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tos on basal cells is important for the mJured
epithelium regenerates from the basal layer. It is of
intcrest in this regard that hyperplasia and squamous
metaplasia develop in tracheal organ cultures as a
consequence of their interaction with the amphibole
ashestos, crocidolite and amosite.

The experimental work briefly summarized above
indicates that the surface propérties and configura-
tional forms of both amphibole and serpentine as-
bestos are altered after inhalation into the respira-
tory tract. This conclusion should be considered in
the design of in vivo laboratory expenments to
examine the pathogenesis of asbestos-associated
diseases.

This rescarch was supported by NIH Contract PHS CP 33340,

and NIQSH grants PHS RO] 00653 znd PHS O0RSS.
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