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Surface functional groupe on silicate dusts complex
iron cations which can cycle through reduction and ox-

{dation states to generate free radicals. These oxidants’

have a capacity to produce DNA, strand breaks and mu-
tationa which are primary cventa in canocer induction. A
differential in the copsasity of fibrous silicates to produce
carcinoms is recognized with the amphiboles demon-

strating a greater biclogic effect than the sexpentine iber :
chrysotile. We tested the hypothosis that the differences -

genotoxicity and cancer induction suggeats that oxidants
genarated by fibrous silicates are associated with DNA
damage (3, 4). Acidic functional groups on the surfacs of
mineral oxides have a capacity to complex transition
ynetals, especially iron, which catalyze electron transport
(5). Free radicals are generated during the oxidation of
ferrous to ferric ions:

Fe** + H 0, = Fe’ +'OH + “OH

in genotoxicity of these fibrous silicates correspond to ™ ™'

varying concentrations of iron complexad to the surface.
Relative to chrysotile, the amphibole fibers complexed
greater amounts of iron cations from both imorganic and
in vivo sources. Inoreaved comcentrations of surface-
complexed irom were associated with greater oxidant
generation, measured as thicharbituric acid-reactive
prodncts of deoxyribose, and more covalantly clesad,
circular DNA strand scigsion. These results indicato that
genotoxic effects of theso fibers may correspond to their
capacity to complex iron at the surface. & 1964 Aendamic
Provs, Lac. :

Inhalation of fibrous silicates increasss the incidence
of lung neoplasms and mesothelioma, The mechanism of
cancer induction is not known, Carcinogenicity ia pos-
tulated to reflect parameters of particle geometry and the

contingent capacity of the lung to clear the dust (1). In- _

ability to move the lopger, thinner fihers from the lung
is proposed to result in their endocytosis, potential in-
teraction with the mitotic apparatus of the cell, and chro-
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Fe®* + H 0, = Fe(OH)}*.

The products of the reaction between Fe®* and H,0, are
dsbated, hut both hydroxyl COH) and ferryl (Fe(OH)3*)
radicaly can affect DNA strand breaks (6, 7). In addition,
ozidanta could possibly function to activate oncogenes or
insctive anti-oncoganes (8, 9). A differential in the ca-
pacity. of fihrous ailicates to produce mesothelioma and
carcinoma is recognized with the amphiboles, includ-
ing amosite ([Fe** ,Mzgl/{Si;0,][0OH),) and crocidolite
(N2,[Fa*)3[Fe®]u[SisOn)lOH]s), demonstrating a bio-
logic effect greatar then that of the serpontine fiber chry-
sotile (Mpy[Si,0,][OH],) (10, 11). We tested the hypoth-
esis that the diferepces in genotoxicity of silicates
correspond to varying concentrations of iron complexed
to the fiber surface which can catalyze the generation of
oxidants and therefore affect DNA damage.

MATERIALS AND METRODS

Materials. Al matesials ware obtaincd (rom Slgma Go, (St. Louls,
MO) unleis specified. Buffers wara weated with chelating reain {Chelox
10 ¢/B00 ml) for £ h with agitation «w diminish availebla iron cations.

Charocterization of silicatce.  The surfacc arase of umosite, crocidolite,
and chrysotile (Nationul Inxtityte of Environmental Heulth Sciences,
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Research Triangie Park, NC) ware deterinined using the Bruneur-Em-
mnt'b-le {BET) nitrogen adzorption sothsrm.

The functional group p in silicates with the greatewt surfsce
acidity oonsunt is the silanol group (~SiOH), which Is significantly
deprotonated at physiologic values of pH and therefors will coordinata
many availzble matal cations (12). Random parting and tracture of fibsra
during the collection and processing of the silicata should position
structural components st the surface in proportion to quantitiss in the
cryatal lattics. Tharefore, surface silanol density should parallel par-
centage Si0y within the orystal. Parcentage SiO, of the silicates vax
quantified afier fusion (LIBOL/LIBOy; 10:, w/w) at 1000°C. The melt
was quenched in & mix of HyQy, HNQ,, and tartaric scki Silicon was

measured (n duplicate specimans using inductively couplad plesmn’™”

spectroscopy (Patkin Elmer P2000), Surface silanol concentrations were
determined in triplicate specimens aftar washing 0500 g of the Sber
twice with 50 ml of 2 N HCI for 30 min at room temapernture. Diwolution
of the duwt during this time was messured by atomic abscrption as release
of silicon into the supernatant and was negligible for all theee Gbers.
The duste were centrifugsd, washed in distilled watar, and wuspended
in 0.01 N NaOH. This colloidal suspension was zgitatad for 1 b and
centrifuged at 1200¢ for 10 min. Three drops of 1% phenclphthbaloein in
feopropanacl wars xdded to the supernatant and thix wes titrated to a
colorless endpoint with 0.010 M HC! and the volume of titzant

with that roquired to neutralixe the sare volume 0f 0.01 N NAOH which
had not been exposed to dust (13).

Surface concentrations of iron.  Susfuce iron Was messured by ex-
posing 30.0 mg of amosits, crocldolits, and chrysotile to 0.3 M sodlum
citrate, 1 M sodium bicatbonate, and 100 tng dithionite. This colloidal
suspansion wag agitated in & watsr bath at 70°C for 30 min, centrifuged
9t 1200g for 10 min, and the supernatant arssyed for iron In triplicats
specimana by s apactrophotometric mathod employing 1,10-phsnan-
throline.

Surface iron after intrapleural injection.  To evaluate complexation
of iron by fibrous silicstea after trtroduction inlo a Living system,
Sprague-Dawley rats (Charles River Breading Labe, Wilmington, MA}
were intrapleurally injected with 30 mg of either awosite, crocidolive,
or chrysotile (six rats/silicate) while undar aneathesin with halothane
(2-5%). Ninety-sixX hours later, rsty ware anssthetized and exsangui-
nated, the pleural cavity way lavaged with 10 ml saline, und the lungs
were excined. Collected fluid and isaus wers dipsated with 5.25% (w/v)
NaOC1 (50 ml/g tisaye) and passed through Bliters with & pore nize of
0.45 um (Millipore, Bedford, MA). Accumulxted dust was washed 10
timeq with waver and eurface iron wan aasaysd in triplicata smployiog
the citrate-bicarbonate-dithionite method.

Surfoce and total irons after saturation with ferric chiorids.  To simulate
the in vivc efact of inarsasing rurface iron and Lo exzmine sny conse-
quences this has on oxidsut generution and DINA strand breakage, the
surfuces of fibrous silicatey wars saturated with a ferric salt, Amosits,
crocidolits, and chrywotilo were expowed to 1 mM FeCly and the sutpen-
slonx apitated for 15 min. Solutions were uzed immaediately after prep-
aration. Apprommnt«cly 1% of Fe** in the farric chloride solution pre-

ipitated out az inscluble oxybydroxides within 1 h and contamination
of the silicetrs with theas compounds is negligible. Suspensions were
cantrifuged, washed with distilled water 10 times, and the Abers wers
examined for surface iron in triplicate, Oxident gencration and coccDNA
strand breakage by thaan allicaten with incrensed surface concentrations
of complexed iron were also measured,

Total iron in crocidolite was determined prior to and nfur exposure
to 1 mm FeCl, for 15 win. Crocidolits 50 mg was digested in 3.6 M H.80,
and 48% HF at 100°C for 30 min (open}. This reaction was quenched

in triplicats using a spectrophotometric method employing 1,10-phen-

" anthroline.

Oxidant generotiorn. lronhunap-uwwtrmaﬁ:dmtmlmd
generate oxidsnts (14). Such catalysis in the presence of 2-daoxy-D-
ribose yields malondinldehyde-like products which can be measured s
thiobarhituric (TBA) reactive products (15). The teaction mixture con-
taimed 1 mM-deoxyribose, 1 mM HyOy, 1 mM aucothate, and either 1 mp/
ml silicate or 1 mg/ml silicate following expowure 1o FeCly. In an attempt
to inhibit radicel production, the hydroxyl redical scavenger diraeth-
ylthiouras (DMTU) and the iron chelator deferoxamine srere added
with Ansl conoentations of 20 mN and 2.5 mM, respactively, For com-

i with amphiboles contsiving iron coupled with oxygen within
the structutal lattice, iron oxides were similarly tested for a capacity to
generate oxidants. FeO, Fe Oy, and Fe;04 {1 my/ml) wars includad in
reaction mixtures with , H;0;, and sscorbats. The suspen-
sions wars incubated 2. 37°Cforih ‘with agitation and then centrifuged
at 1200 for 10 min. One milliliter of botk 1.0% (w/v) TBA snd 2,8%
{w/v) trichloroacstic acid were sdded to L0 ml of supernstant, heated
at 100°C for 10 min, cooled in ice, and the chromophore determined in
criplicats specimens by ita absorbance at §32 nm.

. DNA strand breshs. Following exposuxs to oxidants, covalently
cloasd, circular DNA (cccDNA) is converted 10 an open cireulsr form
(18). Ethidium bromide binds the Jatter intarcalatively with & resultant
increase in Suorcecarca intenaity, A supension of 26 ug negatively
supercoiled PM2 bacteriophage cocDNA (Boehringsr Manubeim, In-
disnapolin, IN), 3 M H Oy 250 wg fibrous silicate, or 250 ug fibrous
silicats following expoeure to FeCls, and 01 mM aacorbate was incubated
for 1 b st room temperature and centzifuged at 10,000y for 10 5. In an
attampt to inhikit DNA strand breakage, the hydroxyl radical scavenger
DMTU avd ths iron chelator deferoxamine were sddad with final con-
contrations of 20 and 2.8 mbd, respectively, FeO, Fe,04, and Fay, O, (250
1ig) were similariy teated for a capacicy to induce coccDNA breaks. Ethid-
ium bromide (2.5 xg) was added to 250 ul of the supernatant. This wao
heated at 96°C for 4 min, cocled in a 26°C water bath, and the Huores-
canos measured with excitation «t 525 nm and amission at 600 nm.
Native PM2 cccDNA was defined to exhibit x rulative fluorsscence value
of 0%. Calf thymic DNA setrved s a positiva control (relative fhiormscenca
of 100%). Messurements were made in replicates of five.

Stotistice. Data are cxprossod 45 inean + standard deviation. Analysis
of variancs was used to determine diffsrences between multiple groups
{17). When F ration ware significant, means were compescd uaing Dun.
¢en’s Multiple Range Tust (18). Significancs was assumed at P < 0.05.

RESULTS

The amphibole fibers amosite and crocidolite had lower
surface areas, but = higher percemtage SiO, relative to
chrysotile (Table I). These values approximate reported
values of SiO, for amosite, crocidolite, and chrysotile (19).
The remainder of amosita and crocidolite includes iron
(29.8 and 33.4%, reapectively), sedium (0.0 and 4.9%, re-

with 10% boric acld and iron mesaured, sftar raduction with dithionits,

Ce~ s

 Abbreviations uged: BET, Brunsur-Emmett-Tell; TBA, thicbar

biturie; DMTU, dimethyithioures; cccDNA, covalently clozed, circu-
lar DNA.

RECEIVZD TIME JUN.20. 1°:3524M

. TABLE 1

Surface Area, Parcantage Si0,, and Surfacs Silanol! Density

- of Fibrous Silicates
Surfacs area Surfece silanol density

Silicate (m¥/2) Parcentags SiO, (Froups/nmt)
Amoasite 23:+04 432 =05 76+18
Crocidolite 8.7+1.0 48,56 = 0.3 4.7+06
Chrysotile 28814 39.8 =09 18&0.1
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Amosits Crocidolits Chrysotite

F1G. 1. Concentrations of izon copplexed 1o the ausface of fibrous
silicates. There were significant differences swong the three Sbrous stl-
jeates, Crovidolita had tho (N‘hsf ation of muface plexed
iron while, deapitc the highest sutface arca, chrysotila had the least.

spectively), and magnesijum (14.5 and 0.0%, respectively),
while chrysotile has magnegium within its brucite Iayer
{26.3%). Consistent with the measured percentage SiO,,
the concentration of surface silanol groups was higher in
amosite and corcidolite relative to chrysotile (Table I).

Weathering in the inorganic environment of numerous
primary minerals, including olivine, pyroxenes, biotite,
magnetits, ilmenite, iron sulfidss, and iron carbonates,
mekes Fe’* and Fe?* available %o the silicates for com-
plexation (20). Using the citrate-bicarbonate~dithionite
assay, significant quantities of iron were found on all three
dusts (Fig. 1). The concentrations of chelatable iron on
both amphiboles were greater than that om chrysotile.
These quantities may reflect some mobilization of lattice
iron in addition to metal coordinated at the surface (21).

With in vivo exposures, fibers accrue iron and protein
to produce ferruginous bodies. In addition, cells which
phagocytose fibers demonstrate a rapid accumulation of
iron (22). Both observations suggest that the surfaces of
silicates axe not gaturated with the metal. Surface-com-
plexed iron can be of importance in the induction of dis-
ease after silicate exposure only if the host cannot elim-
inate the coordinated metal. After intrapleural injection,
the three fibrous silicates complexed in vivo scurces of
iron (Fig. 2). Again, the concentrations of surface iron
were greater on the amphiboles compared to chrysotile.

To delineate the effect of increased surface complexed
iron observed after in vivo exposure, amosite, crocidolite,
and chrysotile were saturated with Fe'*, Greater concen-
trations of Fe'* were neceagary to saturate the surfaces
of amosite and crocidolita (Fig. 3). Awmphiboles have
higher concentrations of Lattice iron than chrysotile and
these differences in structural metal could theorstically
account for variation i the associations of ashentos with
oxidant generation, genotoxicity, and cancer. There was
no difference in the total iron™of ‘crocidolite prior to
(31.8+1.6%) and after (30.3+2.1%) saturation of the sur-
face with FeCl;.

Amosite Crocidolita Cluysotile

FI1G, 2. Surface complaxation of body souxcss of iron by silicate dusta.
Aftar introduction into an snimal, fibers complexed further concentrs-
tioas of iron. Significant ditferences wore found amang all three dusts,
with crocidolice sdaotbing the grestant concentrations of irvu and chry-
sotile the Isast,

Differences between the fibers in TBA-reactive prod-
ucts paralieled the concentrations of surface complexed
iron (Fig. 4). DMTU and dsferoxamine diminished TBA-
reactive products so that the concentrations approached
values found in'niixtures without fibers (Agy; = 0.064
0.004). The abhsorbances cbserved for oxidized products
in the presence of FeO, Fe,0,, and Fe,0, did not differ
significently from control reaction mixtures with no fihers
included.

Amphibole exposure also resulted in a higher frequency
of coccDNA stzand nicks than that cheerved with chrysotile
exposure (Fig. §). Similar to previous investigation (4),
no increate in cccDNA strand breaks was observed on

.incubatien with fibers in the absence of sscorbate. This

suggests that concentrations of ferrous jon complexed to
the fiber surfaces were small. DMTU and deferoxamine
diminished DNA strand breaks to vatues not significantly
different from cccDNA without fiber expoaure. Compa-

3

Surface kon {xM/Q
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Amosits Crocidolits Chrysotlle

FIG. 3. Surface complexation of lnsrganic {ron by fibkous vilicataa.
The thres fibars adsorbed Fe¥* from u solution of 1 mM ferric chlorids
over 15 mln. Significant diffcxcnces were demonatreted between the
amphibole asbestos Sbers and chryactile. Differencos hetwaen the am-
phibole fibers were nos significant.
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FIG. 8. Canaration of oxidants by fibers after saturation of surfaces
with iron. The umpliibole Bbers produced greater conceptratious of ox-

fibcoun silicatws with crocidolite and amosite having greater absorbance * idants, as reftectad by the absorbance at 532 nm of TBA-reactiva products

at 532 nm, rofecting highcr concentzations of oxidative producta of
deoxyribose, Differences between the amphibole fibers were not signif.
icant. Both dimethylthisurea (DMTU) and deferoxasmine significntly

dinainished oxidant products of desxyribouc after amosite, coocidalite,
and chrysorjle exposurs.

of deoxyribose, after saturating the surfaces with Fe'*. Differencas be-
twoen the amphibols fibers were not aignificant.

with ferric chloride paralleled increments in both surface
iron and oxidant generation (Fig. 7}.

rable to oxidant generation, FeQO, Fe&;,0,, and Fe 0, did

not significantly increase the frequency of cccDNA strand
nicks above control values.

While saturation of the fiber surface had no effect on
the total iron, TBA-reactive products of deozyribose wers
greatly elevated again supporting a capacity of surface-
complexed metal to catalyze electron transfer (Fig. 6).

DISCUSSION

Major compositional differences between the asbestos

fibers.include (i) atructural iron oxides and magnesium
oxides withip the lattices of the amphiboles and chrysotile,
respectively, and (ii) a higher percontage of SiO; in amo-
site and crocidolite. Increasing the concentration of sur-

Disparities between the fibers in oxidant genaration prior . face-complexed iron, while not altering the lattice metal

to and after saturation of the silicate surface with ferric
chloride coincided with surface Fe** concentrations, sug-
gesting that those dusts which gccumulate iron after they
are retained within an organism may have an increased
capacity to produce free radicals. Finally, increased nick-
ing of the cccDNA after saturation of the silicate surface

X cccDNA with Strand Breaks

e Io]
Hres
T 1 DTy z0ma
W Ostrropwmine
2 B
20%
10
]

Amsaite Crocidetita Chrysoiia

content, greatly enhanced oxidant geperation -and
cccDNA strand nicks. Although amosite and crocidolite
have iron included in the crystal lattice, chrysotile has
none in its ideal molecular formula. Jsomorphic substi-
tution of Fe¥* for Sit* can account for the small quantity
of iron in the lattice of this serpentine silicate. T'o mobilize

this metal, there must be either dissolution of the silicats

50

40F
Nl
20}

10F

X cccDNA wiih Susnd Bresks

FI1G. 5. DNA atrand breaks tesviting from the exposnre of cccDNA

to fibrous ailicaten. Incubations with aruosite and crocidobite were as-
socisted with significantly more DNA strand breaks than chrysotile-
Differences batwaeen the amphibole Gbers were not significant, DMTU
and deferoxmmine both simificantly diminiehied cocDNA strand braaks
ufter amonite, crocidoiite, and chrysotije exposure,

vzD TIME

JLYL 70,

T132AM

FIG. 7.

Amontte Crecidolie Ciiysctlle

DNA stmnd hreaks resulting from ths cxposure of cccDNA
to fibrous nilicates alter ssturation of surfaces with iron. Incubations=
with nmosite and crocidolita were associated with significantly more
DNA atrand breuks than chrysotile atter saturation of their surfaces

with iron. Differences between the amphiboles were not significant.
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or oo entry of u chelator into the lattice. Using [Si] as an
indlcator of dissolution of tbe silicate, no salubilization
of the duat was noted. However, it is unlikely that a low-
molecular-weight metal chelator could enter a crystal lat-
tice which has interatomic distances of less than 1 A,
excise an iron cation bound within tbe lattice by strong
crystalline forces, and exit the particle with the metal.
Furthermore, iron oxides with the six coordination sites
of tbe metal occupied, accordingly mimicking the state of
the lattice iron in amosite and crocidolite, catalyzed nei-
ther alectron transfer nor strand breakage. This evidence
{ndicates that structural metal ia unlikely to participate
in free radical production in the in vitro systems employed.
However, structural iron can catalyze heterogeneous
electron transport. Structural oxidation of iron silicates
occurs through an electron bopping mechanism. This can
produce an increase of ferric cation in the lattice by re-
duction of aurface Fe®* (23). The surface iron can then
be reoxidized by stmospheric O, (23). Certain compounds
can also complex Fa?* and ac¢colerate mineral oxide dis-
salution {24-26). This can facilitate inner sphere electron
tranafer between sttuctural and adsorbed iron states, Both
of these mechanisms of electron transfer are ultimately
dependent on the concentration of surface-complexed
iron. The higher percentage of SiQ; in smphiboles and
the consequent greater density of surface silanol groups
in these fibers result in an increased capacity to coordinate
metal cations at the surface relative to chrysotile. Chry-
sotile would be expected to have the highest number of
silanol groups per gram of dust of the three fibers ex-
amined (Table I). The low amounts of iron on the surface
of chrysotile evan after exposure to FeCl; (Figs. 1 and 3)
indicate that the silanol densitias (number of —SiOH per
unit area) are moyxe important than the absolute number
of ligand groups in determining the amount of metal co-
erdinated. The complexing groups must be close enough
to each other on the mineral surface that a bi- or multi-
dentate complex can be formed with the iron. .
Afrer introduction into a living organism, the three fi-
bers complexed body sources of iron onto their surfaces.
Disparities in the concentration of surface complexed iron
between the amphiboles and chrysotile correspond with
both oxidant generation and cccDNA scission, supporting
a role for iron-catalyzed axidant generation in the geno-
toxicity of fibers. DNA injury in C3HI0T),; cells after
exposure to crocidolite was inhibited by iron chelators,
posxibly reflecting n dependence on the availability of in-
completely coordinated iron (27). Products of oxidation
reactions catelyzed by several other iron complexes are
similarly mutagenic (28). Bleomycin, a glycopeptide-em-
ployed as an anticancer drug, also coordinates iron and
generates oxidants which cleave DNA (29). Such strand
scission is inhibited by iron chelators (30). DNA damesge
after expostire of a microorganisii ¢o hydrogen peroxide
was similarly dependent on both reducing equivalents and
an availability of iron species (7). DNA scissiop by com-
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plexed iron predicts a carcinogenic potential in humans
which is promoted by observations of osteosarcomas and
hematopaietic neoplasms after intravenous injection of
¥Rl (31). In further support of a role for this metal in
genotoxocity, increased iron stores in humans elevateo the
risk of cancer iv epidemiolagic studies (32).

The endocytosis of the fiber is associated with oxidant
generation and, therefore should increase with the con-
centration of complexed iron and surface area (33, 34).
Such endocytosis positions the silicate surface with the
complexed transition metal in the proximity of DNA and
iron may be transferrad to the DNA, which also can co-
ordinate this metal (35, 36). Subsequent oxidant gener-
ation could then result in strand breaks, genotoxicity, and
cancer (37). A synergistic interaction between cigarette
use and asbestos fibers in genatoxicity and induction of
bronchogenic carcinoma is anticipated as a resuit of in-
creased concentrations of lung iroun available to be com-
plexed by the fiber after smoking (38-40). The results of
these investigations predict that, for a specified fibrous
gilicave, those particles which are longer and thinner, rel-
ative to short,. thick fibers, will have greater values of
both surface area and oxidant production with an in-
creased probability of endocytosis and therefore the po-
tential to induce DNA injury. Consequently the two pos-
tulates of cancer induction by fibrous silicates focuaing
on parsticle geomstry and oxidant generation can be con-
ciliated (1, 3, 4).

Based on our results, the carcinogenic potential of a
fibrous silicate should be predicted by sither surface con-
centrations of silanol groups, complexed [Fe**}, ot in vitro
oxidant generstion after saturation of the dust with an
iron salt. The development of synthetic fibers with di-
minished carcinogenio potential will necessitate decreas-
ing the number of surface functional groups with the ca-
pacity to complex jron and other transition metals which
assume two stabls valence states and can transfer elec-
trons.
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