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6. . SIGNI FICANT FINDINGS

Summary of data. An in vitro AM culture system was used for assessing both.
phagocytosis and cytotoxicity of particles as well as metabolis~, DNA-binding.
The physical char~cteri~tics of the particles indicated that crystalline silica
had a smaller surface area.and a larger count median diameter than any of the
amorphous sil icas and that gelled had the larg.est surface. area of all the
particles tested including ferric oxide or aluminum oxide. Gelled silica based
on equivalent doses given to AM was the most ,cytotoxic, consistent with its large
surface area. All forms of amorphous silica had smaller particle sizes and were
cytotoxic suggesting that more of the dose for the amorphous silicas entered the
AM. The toxicity also appears relat~d to the surfac~ properties; those particles
having more silanol groups were more ~ytotoxic. This may explain the fact that
ferric oxi.de and aluminum oxide weire not cytotoxic while silicas were. The dose
of the silica is important in that more silanol groups are probably available on
the crystalline silica surface and therefore a larger dose of amorphous silica
must be incorporated into the AM in order to observe the same toxic effect as
crystalline silica. Therefore dose, surface properties and particle size each
affect cytotoxicity of sil ica to AM (see appendix for paper, Warshawsky in,
press).

These same properties appear to be important in the metabolic activation of BaP
by AM. ~ta similar dos~ 'of BaP and particle, ~ll of the BaP-coated particles
produced more BaP dihydrodiols than BaP alone. The three amorphous forms of BaP­
coated silica produced more 7,8~diol of BaP (in pmol/I06 cells) than the BaP­
coated Fe 203 and BaP-coated crystalline silica. The 7~8-diol is considered to
be the precursor to the ultimate metabolite tif BaP. Although these. metabolites
were produced in low levels, it was sufficient. to produce BaP-DNA adducts. In
all three cases wh,ch were studied, BaP/ppt silica, BaP-crystalline silica and
BaP-Fe 203 in comparison to BaPalone, the BaP adduct patterns were altered such
that adduct #2 was increased relativ~ to adducts 1 and 3. Of these three the

. relative adduct levels for the precipitated form were greater than that of Fe 203
or crystalline silica which is consistent with the gr"eater surface area of
precipitated silica. Adduct. #1 is. the +anti-diolepoxide of BaP bound to dG from
P450 cytochrome metabolism whil~ adduct 2 and 3 (have been found to be - anti­
diolepoxide of BaP bound to· dG and -anti -diolepoxide of BaP bound to dA,
respectively) could involve non P450 cytochrom~ metabolism.

Morphometrically, we have shown that AM exposed to pa~ticle coated with BaP,
responded differently than either BaP or particles alone at noncytotoxic doses.
This approach would give a good estimate of AM activation as a result of
coexposure which could be correlated with the biochemical parameters. Based on
the data, BaP~coatedparticlesat a single dose in comparison with BaP alone have
an impact on the metabolism, DNA binding, the extent of adduttion through P450
cytochrome metabolism, and AM activation and perturbation. Additionally for
metabol ism, DNA binding and cytotoxicity parameters, the surface area of the
particle appears to playa major role.
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7.. USEFULNESS OF FINDINGS

There should be further investigation on the effects of different forms of silica
such as foundry sands on the metabolism of SaP. 'It would be important to
investigate both physiological changes which will have an impact on defense
mechanisms but also on the physical characteristics of particles which seem to
playa role in AM metabol ism 'of xenobiotics. It would also be important to
determine the role of AM in the l~ng with other cell types such as the peripheral
cells in rat. Comparable intratrach~al treatments of hamsters and rats with SaP­
ferric oxide have been studied-(43). Hamsters produced squamous metaplasia of
the trachea and large bronchi (later tumors); in contrast the rat produced no
such response but eventually peripheral lung tumors. There were no differences
in the retention of SaP in lungs or tracheas. However, BaPwas found in the
epithelium of the hamster and not in the rat. It appeared that some mechanism
prevented the diffusion of SaP in the rat. In terms of -long-term objectives
these studies will contribute to better understanding of how particulate­
dependent factors aHer BaP carci nogen i c potent i a1. Furthermore, -i nforma t ion
will be obtained that can be used to 1) to investigate sites and mechanism of
action of SaP and/or its metabolic products in lung tiss~e in vivo, 2) provide
insight as to the factors which influence macrophage metabolism and lung disease
susceptibili.ty and 3) develop AM to be used' as biomarkers in molecular
epide~iology and chemopreventionof cancer (96).
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8.' ABSTRACT

Epidemiologic and experimental studies indicate that particles and/or chemical
carcinogens are important in the development of respiratory disease. Occupation­

,al exposure to silica often includes exposure to PAHs; silica has an enhancin~

effect on SaP induced lung carcinogenesis. Although the mechanism of cocarcino­
genesis is unknown, several investigators have implicated SaP metabolism. An
important biological response to inhaled particles is ingestion by AM and
clearance from the lung. Since these cells have the capacity to metabolizS BaP,

, it is possible that altered SaP metabolism leading to an enhanced carcinogenic
potential occurs in the AM following phagocytosis of silica particles and
adsorbed BaP. The long term objective of this research was to investigate the
role that AM play in the particulate~dependent response of the lung to BaP via
mechanisms involvi.ng S~P metabolism.

AM from hamsters and rats were incubated with particles and SaP-coated particles
such as crystalline, and amorphous (precipitated, gelled, and fumed) silicas,
ferric oxide,. and aluminum oxide. Cytotoxicity endpoints were ~sed to determine
the noncytotoxic doses. Analyses were performed using extraction procedures,
HPLC, 32postlabeling, morphometry, liquid scintillation spectrometry and reverse
Salmonella mutagenesis assays. The data indicated that dose surface properties
as well as particle- size affect that cytotoxicity of silica to AM. Secondly,
t,hat SaP coated particles in comparison to SaP alone have an impact on metabolism
DNA bi nd i ng and the extent of adduct i on through P450 cytoc~rome metabo1i sm.
Lastly, the surface area of the particle appears to playa major role on the
above parameters. In the evaluation of occupational hazards that may lead to
increased susceptibility to lung cancer, the cocarcinogenic potential of an
exposOre isan important consideration. This research provided information on
particulate modified SaP metabolism and contributed to our understanding of the
involvement of AM in the mechanism of lung disease.
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9. BODY OF REPORT

Background

Numerous epidemiologic and experimental studies indicate that various types of
dusts, such as silica and ferric oxide (Fe 203 ), and/or chemical carcinogens are
important in the development of respiratory disease in the environment (1,2).
An important aspect of these dust exposures is a cocarci nogen ic effect when
exposure to other carcinogenic agents occurs. For example, exposure to ferrit
oxide (Fe 203 ) alone, is not associated with cancer induction (3). However,
coexposure to Fe 203 and carcinogens such as polyaromatic hydrocarbons. (PAH) or
ionizing radiation is associated with an increased incidence of lung cancer, .when
compared to control populations (3), and .suggests a synergy resulting from·
exposure to the mixture. This is of importance since exposure to silica nearly
always includes exposure to such substances as radon, asbestos and PAH (4).

Benzo(a)pyrene (BaP),a ubiquitous occupational and environmental pollutant is
the product of incomplete combustion associated with fossil fuels and cigarette
smoke (5). It is known that the biological activity of BaP is influenced by its
metabolic fate (6) such that the target tissue must be exposed to an appropriate
level of reactive metabolites which alter critical cell regulatory mechanisms.
Although it is likely that several factors contribute to the particulate-related
susceptibility to BaP lung carcinogenesis, the studies outlined in the proposal
specifically address the. role of BaP metabolism by AM. An important biological
response to inhaled particulates is ingestion by 'AM and release of oxygen
radicals such as superoxide anions and·a variety of cell mediators into the
surrounding tissue.· Many chemical agents can be metabolized by AM to products
that may be ~ore active than the parent compound (7,8). It is possible that
altered BaP met~bolism leading to an enhanced c~rcinogenic potential occurs in
the AM following phagocytosis of silica particulates and adsorbed. BaP. It is
proposed that silica affects AM metabolism of BaP such that the efficacy of BaP
to induce lung tumors is potentiated; the potentiation can be due to either
altered P450-mediated metabolism or by oxidative .metabolism induced by ingestion
of particles.

Sili~a and Lung Disease. Silica is a common industrial particle. It has been
estimated that approximately 250,000 workers in 114 occupations are exposed to
silica flour .alone (9)" and over 500,000 workers are exposed to synthetic
amorphous sil ica (10). There have been many epidemiologic and experimental
studies relating silica exposure and the development of fibrotic lung disease
(11). These studies have indicated that all forms of crystalline silica can
cause fibrotic lung disease; for any quartz polymorph the'severity of the disease
appears to be related to dose. Coating silica particles with A1 203 has an
inhibitory effect on the development of fibrotic reactions (12,13).· There is
limited evidence to indicate that crystalline silica is carcinogenic in humans
who have not developed silicosis, while amorphous silica is not carcinogenic in
humans (4). Silica, administered either by inhalation ot:' intratracheal (IT)
installation, has been shown to elicit a carcinogenic response in rats of two.
strains and both sexes (14,15) and it has been hypothesized that silica eith~r

directly induces lung cancer or causes fibrosis leading to cancer (16). In the
hamster, howeve~,silica did not produce a carcinogenic response and is usually
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not associated with fibrosis (17 j I8) ;

Exposure to silica often includes exposure to PAH(4). Epidemiologic studies
have concluded that there is a significant excess of lung cancer among foundry
workers (19). It has been impl ied that other organics and metal s act as
carcinogens and particles act as irritants, cocarcinogens and promoters (lO).

: . .

Workers are also exposed to many other types of dust. such as ferric oxide, which
do not appear .to cause completely debilitating lung disease .. It has been
estimated that~~proximately 450~000 individuals are exposed to ferric oxide in·
150 occupations (9). Numerous epidemiologic studies have examined the effect of
exposure to ferric oxide in the workplace. In many of the cohorts, persons
exposed to a mixture of ferric oxide and potential carcinogens such as PAH or
ionizing radiation had an increased.incidence in various forms of cancer;
particularly lung cancer when compared to a con.trol population. Workers exposed
to .only ferric oxide had no increased incidence in any form of cancer when
compared to control populations (2,3).

PAH-Particulate In Vivo Studies. Animal models demonstrate that a particle such
as crystalline and amor,phous silica and foundry sands enhance the carcinogenici­
ty of SaP iri the lung. The hamster and the rat have been used as in vivo models
for studying the interaction of PAHs and particulates (21). The hamster has been
common 1yused because 1ung care i nomas in hamsters more close ly resembl e the human
in terms of tumor pathology, histogenesis and ultrastructural morphology (22,23).
The hamster has a'low incidence of spontaneous pulmonary tumors and is highly
resistant to pulmonary infections.

A variety of particulate carriers have been used in the hamster model. 8aP in
combination with ferric oxide increased the incidence of tumors of bronchiogenic
origin following intratracheal administration (22,25). Similar increased
respiratory co-carcinogenic responses have been reported for other particulates,
such. as amorphous silica (25), titanium dioxide (26), India ink (27), carbon·
black (26), iodine (28) and magne~ium oxide (29). Results with aluminum oxide
(29) ~nd manganese dioxide (28) did not show cocarcinogenic responses with 8aP.
Crystalline silica and foundry sands, in conjunction with SaP, caused an
increased carcinogenic response in the hamster in the range similar to that of
ferric oxide and SaP (17). Animals recei~ing only the particles did not develop
any tumors.

Metabo 1i c Act i vat ion 'of SaP. As wi th a11 PAHs, it is not the SaP itself but
rather its metabol ites which are responsible for the majority of biological
effects formed through cyto~hrome P450 metabolism. SaP phenols, dihydrodiols,
epoxides and diol-epoxides have demonstrated different degrees of cytotoxicity,
mutagenicity and carcinogenicity (6). The rate of SaP metabolism is decreased
in the presence of particulates in the lung, such as asbestos (30), ferric oxide
(31), cigarette smoke (33), and fl yash (36). H.owever th.e metabo 1i c pathways
appear altered and binding of SaP metabolites to macromolecules (33) increased
in comparison to SaP exposures alone. SaP may also be metabolized to DNA binding
species through the action of tissue peroxidases which involve peroxyl radicals
associated with prostaglandin Hsynthesis and 1ipoxygenase catalyzed oxygenation
react ion s (3 4-36). SY quant it at ing the extent of conver si on of (+) - 8aP-7,8 -di 0 1
to diol-epoxide products, the relative contribution of cytochrome P450 (+syn-
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diol-epoxide) and noncytothrome P450 (-anti-diol-epoxide) processes related to
epoxidation can be ,estimated. This approach has been used to demonstrate
noncytochrome P450 dependent epoxidation of (+)~SaP~7,8-diol in cultured cells,
cultured hamster trachea, freshly isolated mouse epidermal cells and epidermal
homogenates and mouse skin in vivo (34-36). 32P-postlabeling systems which can
resolve adducts 'produced by each pathway have been developed (34-35,37).

Retention of PAH-Coated Particulates in Lung. The enhancing role .of particles
can be due to the transport of the chemical compound by the particles into the
interstitial tissues of the lungs. The particulates can penetrate through the
epithelium and can be"phagocytized by macrophages in the interstitial spaces or
in the alveolar lumina (24). Organics may then .beeluted from the particles and
diffuse into the surrounding lung tissue (38). It has been.suggested that the
particle effect is nonspecific and perhaps is merely a means of providing longer
residence times in target tissue (38,40). On the other hand more recent studies
indicate that the residence time of carcinogens adsorbed on particles in the deep
lung is very short, on the order of seconds or minutes (41) . Physical
characteristics and surface properties are all important in the retention
abilities of the particles. In lung perfusion studies, particulates (ferric
oxide, flyash, crude air particulate) decreased the rate of appearance of SaP in
the bl.ood and altered the metabolic pattern (33), possibly as a result of altered
bioav~ilability of SaP adsorbed t6 the particulate (33). Phospholipid vesicles
and rat liver microsomes take up more SaP in the presence of particulates when
compared to uptake wi thout part i cul ates (42). In add it ion, retent ion in the 1ung
of SaP-coated silica could lead directly to lung cancer or fibrotic changes
characteristic of silicosis followed by a carcinogenic response as a result 6f·
cells dividjng in the presence of SaP (16).

Evaluation of these data requires consideration of species. For example,
comparable intratracheal treatments of hamsters and rats with ·SaP-ferric oxide
have been studied (43). Hamsters developed squamous metaplasia of the .trachea
and 1arge bronchi (1 ater tumors);' in contrast the rat produced no such response
but rather an initial granulomatous response and epidermoid metaplasia in the
peripheral lung followed by tumors. No differences in the retention of SaP in
th~ lungs were found except that SaP was present in the epithelium of the hamster
but not in the rat .. Soth species showed SaP-containing AM in the tracheobronchi­
al lumen. These findings suggested that in the ha~ster SaP diffused from the
1umi na1 macrophages through the mucocil i ary 1ayer into the tracheobronchi a1
epithelium but in the rat some mechanism prevented the diffusion of SaP (43).
Diffusion of the AM through the interstitial tissue from the lungs to the bronchi
and trachea is also possible (21).

Role of AM. Mechanisms mediated by AM and surrounding cells, therefore, must
consider the effect of particles on the metabolic activation of organics such as
SaP. Human and dog AM (44-47) can metabolize SaP and phagocytize SaP-coated
particulates, such as ferric oxide and diesel particulate (45,48) with subsequent
release of SaP and metabolites' (44,48,45) and binding to DNA and protein (48).
Co-incubation of human AM with V79 cells showed that AM could metabolize SaP to
induce ouabain-resistant mutations and sister chromatid exchange (49). Other
studies with Fe203 coated with SaP have resulted in. increased mutagenic responses
(50-52). It is apparent that the metabolism of SaP-coated particles by AM may
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be very important in the overall. development of lung disease.

Add it i ona11 y there is cons iderab1e evi dence that AM from different sources'
produce eicosanoids (arachidonic acid metabolites) (53-56) and that the
production can be modulated by stimuli such as crystalline silica (54). It has
also been shown that AM respond to stimuli through phagocytQsis by releasing
reactive oxygen intermediates as well as 1ipid oxidation products through
noncytochrome P450 metabolism (8,53,57). Therefore, it seems reasonable that
similar noncytochrome P450 metabolism reactions of BaP take.place in the AM and
which can be measured by 32P-postlabeling. This mechanistic approach would be
in line with the altered BaP ,adduct patterns which we have observed for BaP­
coated particulates versus BaP alone (see Results and Discussion).

Efforts have been made to identify potential biomarkers of pulmonary toxicity to
better predict and interpret responses in the lung .. Investigations have focussed
on the underl yi ng pul monary responses to dust exposure such as sil i ca and
titanium dioxide. Bronchoalveolar la~age fluid (BALF) was analyzed for lactate
dehydrogenase, total protein and ~-glucuronidase and differential BALFlevels
were more pronounced due to exposure to silica (58,59). Potential biomarkers of
pulmonary toxicity have also focused on AM release of a variety of lipid and
protein mediators which can recruit and activate cells involved in fissue injury
and repair e.g. epithelial cells and this activity have been thought to play an
important ro 1e in the pathogenes is of 1ung disease. Macrophage-deri ved cytok i nes
such as tumor necrosis factor (TNF) and interleukins are thought to be important
in local inflammation and tissue repair (60). Silica, ultrafine particles of
titanium dioxide, and coal dust have been shown to stimulate AM release of TNF
and interleukin land 6 (60-64). These cytokines have a number of proinflamma-'
tory activities which include neutrophil activation, stimulation of eicosanoid
biosynthesis and activation of cells to release cytokines (60). It therefore
seems reasonable that cytokine release as a result of particle exposure would
also stimulate the induction of noncytochrome P450 metabolism of BaP inthe
epithelial cells of the target tissue relative to cytochrome P450 metabolism.
This is supported by the observation that TNFc.r appears to inhibit P450 gene
expression in cells as in the case of human adrenal cells (86) which would lead
to more noncytochronie P450 metabolism.

The relative role of different types and surface properties of silica particles
on the metabolic activatioh and binding of PAHs in AM has not been well studied
except f6r those we described here. It has been reported that O.S.to 2 ~m was
the optimum particle size for crystalline silica for AM cytotoxicity (65) but it
is not clear as to whether surface area played a role in AM cytotoxicity.
Crystalline silica toxicity appeared to be related to surface properties, those
particles having silanol groups are more cytotoxic (silica versus aluminum oxide,
Section 3), due to interaction with phosphol ipids on the surface of AM. However,
other studies. have showh that amorphous forms of sil ica wit~ larger surface areas.
and available silanol groups are more cytotoxic than crystalline silica at
equivalent doses in both peritoneal and pulmonary macrophages(66-68).
Additionally, it has been shown that particles iri cigarette smoke, carbon black
or diesel. exhaust result in AM recruitment with subsequent accumulation of
particles (69-72) as well as the fact. that AM metabolism of BaP was enhanced in
AM from smokers relative to nonsmokers (95). Therefore, the overall objective
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was to gain a better" understanding of ho~ particles with defined particle size
and surface area will influence the metabolism of BaPby AM .. Our basic
hypothesis was that particulates can influence AM metabolism of BaP such that the
effectiveness of BaP lung genotoxicity is potentiated. In other words,
particulates could optimize the action of BaP by favoring metabolic pathways of
BaP metabolism in the AM tow~rds production of active metabolites and subsequent
release to the surrounding tissue. Alternatively, particles may also affect the
intracellular metabolism and binding of BaP in the AM versus metabolites which
are being released into the surrounding media.

Specific Aims

The specific aims were to determine 1) the ability of AM to phagocytize B.aP ­
Coated forms of silica including crystalline and amorphous silica relative to
F-e 203 and A1 203 that do and do"not enhance BaP carcinogenicity, respectively, 2)
the pattern of formation of metabolites from BaP-coated particles incubated with
AM, 3) the adduct pattern of BaP derived from BaP-coated particles incubated with
AM and 4) the mut~genic potential of mixtures of BaP metabolites present in the
media of AM cultures exposed to BaP-coated particles.

Procedures and Methodology

Chemicals. 14C-labele.dBaP (Ame"rsham, 20 JJCi/mmol.e) and unlabeled BaP (Aldrich)
were checked for purity by TLC and HPLC. If necessary BaP was further purified
by use of a neutral alumina column with benzene or toluene as the eluant followed
by recrystallization in benzene-:isopropanol. BaP metabolite standards supplied
by the NCI Chemical Repository are as follows: 9;10-diol, 7,8-diol, 4,5-diol,
4,5-epoxide, 3,6-quinone, 6,12-quinone, 3-0H, 7-0H, 9-0H, and conjugates of BaP.
All compounds will be handled under yel16w light to prevent photooxidation (31).
(+)Anti-diol-epoxide-dG, (-)anti diol epoxide dA and (-)anti diolepoxide dG are
available in our laboratory. The latter two were made available from Larry
Marnett for the determination of noncytochrome P450 metabolism.

Crystalline and amorphous silica, and ferric oxide particles that were used were
characterized by this laboratory as described in Appendix 1~

BaP and Particle Preparation for Plate Assay. Stock solutions of pure l~beled

(14C BaP) and pure un 1abe1ed BaP were prepared into1uene and handl ed under
lights equipped with yellow filters to prevent photodecomposition. Those stock
solutions were used in all experiments. All handling of BaP solutions were done
under lights with yellow filters. The stability of the stock solution were
determined periodically by HPLC .

. The noncytotoxic do~: of the appropriate particulates were pla~ed in a vial, and
an aliquot of the C-BaP solution were evaporated to dryness under a "gentle
stream of nitrogen. The particulates were resuspended in 1 ml RPMI-1640 just
before the use in any experiment as described later. The suspension was vortexed
or stirred with a magnetic stirrer" to ensure that the BaP-coated particulates
will in essence be unagglomerated before use (87). The methods used have been
described by other investigators, (45), for BaP-coated d~esel particles, (88),
for BaP-coated asbestos, Fe203' sOil ica and carbon black, and through similar
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methods (40), and (22), for BaP-Fe 203 • The potential forBaP recrystallization
is a function of a number of nucleatipn sites, temperature, concentration,
crystal habit growth time and system turbulence. Pure BaP crystals were not
noted in prior batches of coated particles prepared in this laboratory and
documentation of conditions were maintained for this investigation. The number
of nucleation sites were kept to a minimum by the use of the most pure grade of
solvent; additionally, the particulate to be coated will be prewashed with the
solvent and filtered to remove ultrafines. The evaporation time was kept as
short as possible, t 01 imitthe si ze 0 f. r ecry stall i zat ion 0 f BaP, should
formation be initiated. Temperature and turbulence rate wete carefully .noted.

Anim~l Handlirig and Tr~atment. the environmental conditions of the animal rooms
were automatically controlled and contintiously monitored. ,Room temperatures are
set at 74°F + 2°F and relative humidity at 45% ± 10%. Light cycle was 12 hours
light and 12 hou~s dark. Syrian golden hamsters were obtained at 6~8weeks old
and quarantined two weeks. The two-week confinement was to insure that basal

. enzyme levels had been maintained; prior exposure to P-450 inducing agents would
increase the rate of metabolism and give misleading results.

Macrophage Culture. AMs were harvested by tracheal lavage from male Syri an
hamsters. All animals were kept on a standard light cycle (12/12). Animals were
anesthetized with pentobarbital sodium ip (l00 mg/kg) and exsanguinated by
cutting the abdominal aorta. The diaphragm was incised, and the trachea was
cannulated with a blunt 18 gauge 1 1/2" needle. AMs were obtained by lavaging
the lung approximately ten times with a total of 50 mls of cold, sterile saline.
The lungs were manually massag~d during the lavage procedure. The lung washings
were not usedif,the lungs appeared abnormal; i.e., contain areas of pus, or if
the lavage fluid contains ,visible blood; The.cells were counted by a Coulter B
counter. Cells (2-3 x 106 cells/dish) were placed in tissue culture dishes (35
x 10 mm) in 2.5 ml of the culture RPMI-1640 medium containing 0.1% gentamicin,
25 mM L-glutamine, 0.2% sodium bicarbonate and 2 mg/ml BSA (pH 7.2). The cells
were incubated at 37~Cin a humidified atmosphere and 5% C02. After two hours
the cultures were washed two to three times with fresh culture medium to remove
any non adherent cells. The cells were then fed 2~2.5 ml culture medium and
incubated for an appropriate amount of time. Dishes were used for cell cultures
to ensure culture Viability for at least a 24-hour exposure to BaP~ This long
exposure time was necessary to maximize DNA binding. Cell viability was used as
'general indices of long-term culture viabil ity and of AM· cytotoxicity to
particles. Cell Viability was assessed prior to placing the cells in culture by
exclusion stainin~ utilizing erythrosin B.

Particulate-Induced Cytotoxicity. Particles were r.esuspended in media and
administered to tissue culture dishes which contain,Z-3 x 106 cells previously

,incubated for 1 1/2-2 hours. The dishes were then be placed in an incubator with
a humidified atmosphere at 5% CO 2 at 37°C. At the end of the incubation period
(24 and 48 hours), dishes (each type of particle and control) were be removed

. from the incubator. Additional time points and dishes per treatment were added
as necessary depending on the results. The ~edia wasfemoved form each dish and
centrifuged. The AM wis removed from the dish and washed until no radioactivity
could be removed. The washes were discarded. The AM were assayed for Viability
as described. . .
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Morphometric Analyses. Cultured macrophages ((confluent) 3xl06 per square mm of
aclar) were washed in cold PSS, then fixed for 20' in an isoosmolar glutaralde­
hydejparaformaldehyde phosphate buffered fixative containing calcium salts and
sucrose. They were ~ashed once with phosphate buffer i post fixed in 1~ osmium
tetroxide, dehydrated stepwise in ethanol solutions, then embedded in a thin
layer of Spurr resin. After polymerization, the aclar was peeled from ,the Spurr
leaving the cells behind. This was trimmed and reembedded in beem capsules.
Thick .sections (l ,um) were placed on glass slides and stained with toluidine
blue, thinsection~were placed on naked copper grids and stained with uranyl
acetate and lead citrate.

Morphomet ry was conducted in two stages, 1) 1i ght mi croscopy, and '2) two :1 eve1s
of electron microscopy.' The former served as a check for sampling L since it
included an analysis of many more cells per group. For light microscopy, the
cells were captured using JAVA software, video camera and Zeiss photomik .. Then
a perimeter of the entire cell and the nucleus ~ere traced, and area of each
determined. At least 200 cells from each group (divided' among five. replicate
culture wells) were used. With electron microscopy, using grids derived from the
same samples used for light microscopy, the entire macrophage was photographed
(2500X (montaged from' two or more negat i.ves)). Perimeter/area of the cell
(including processes which are not visualized at the light microscopic level) was
traced, number of mitochondri a, phago1ysosomes counted, and pe,ri meter/ area of the
nucleus were obtained.' At a magni.fication of 6000X, p~agolysosmes were
photographed, and enlarged 3Xat printing. The perimet~r/areaof each
phagocytosed particle, .and of the surrounding phagolysosomal membrane was
obtained. The number of macrophages, and particles/phagolysosomes counted was
dependent upon the standard error of the mean obtained for e.ach group .. Pr..e..vious
studies have indicated that 10 macrpphages, ~nd 50 phagolysosomes should produce
a standard error of less than 10% of the mean at the electron microscopic level.
These samples were divided among the five replicate cultures for each group.
'. .

, . .'. '

. Data from the' morphologic studies was analyzed using SAS (for the PC, and
generating means, standard deviations,st~ndard errors of the means, and General
Linear Model for group interactions. Significance wasobtained fromthe analyses

.when p~0.05. .

Metabolism of SaP byAM. Anoncytotoxic dose of the selected SaP-coated particle
or SaP in media was administered to culture dishes which contain 2'-3 x 106 cells.
Upon completion of each incubation period (6,12, and 24 hours) the media was
removed from dishes (control-SaP' alone and' three treatments of· SaP-coated
particulates containing silica and ferric oxide) and centrifuged at 500 xg for
ten minutes. The dishes were washed until no radioactivity could betemoved and
the washes w~re combined with the original media so that the medium from each
treatment could be analyzed separately. The AM was also removed from each dish
and washed _to remove all rad i oact ivity as descri bed. These washes were also
combined with the original medium from each dish. The medium containing the
washes from each treatment ~as centrifuged at 500 xg for ten minutes, decanted,
and frozen until analysis. The particles ~ere discarded. An aliquot of the AM
suspension was then tested for viability as described previously.

Theamount~ of SaP.and its metabolites in both media and A~ were determined by
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extracting ~ portion of the media and AM several times with a mixture of ethyl
acetate and acetone (2.:1 by volume) .. The organic extracts were evaporated to
dryness under N2 at 40·C and st6red at -20·Cuntil HPLC analyses. Aliquots of
media and extracted media and aliquots of the extracted. AM suspensions following
centrifugation were sol ubil ized and decolorized and the radioactivity determined.
The dried samples were reconstituted in 100 pl chloroform just prior to HPLC.

HPLC Analyses. All'4C scintillation counting were performed on Tri-Carb Packard
,Liquid Scintillation Spectrometer. Ten pI samples prepared in 100 plof
chloroform were chromatographed on a Waters HPLC with a variable wavelength UV
detector under the following conditions: Whatman ODS 10 m C-18 column 4.6 mmx
25 cm at ambient temperature with a flow ·of 1 m.l/min with a water methanol
gradient from 80-100% methanol over a 30 minute period. A HPLC chromatogram was
recorded using a mixture of the metabolite standards prior to running samples.
Samples were then chrom~tographed and the fractions collected individually. The
fractions were then quantified by counting using a cocktail of Scintiverse
Scintillation Media; the counting efficiency is determined by either using an
internal toluene standard ora standard quench curve. All data collection, data
reduction and statistics were handled by computer programs. All samples were
proces~ed under nitrogen and subdued jellow lighting to minimize photooxidation
(31). The compounds were collected, the solvent evaporated off, and the r~sidue

dried and stored for further analysi~.

32Postlabeling for .DNA Binding. A noncytotoxic dose of selected BaP-adsorbed
particulate resusperided in media and control BaP was administered to AM on
culture glass dishes. At the end of each incubatfon period the'medium was
removed from each dish and the residual BaP determined. The cells will be
pelleted. The particles were extracted and analyzed for residual BaP and
discarded and the DNA wa~isolated by phenol extraction. Th~ 32p-postlabeling
of these DNA samples were also as described (34,37,91,92). In brief, the DNA
samp1es were hydro1yzed to 3' -phosphodeoxynuc1 eot; deswi th sp1een phosphodi ester­
ase and micrococcal endonuclease. We found that hydrolysis pH and ti~e must be
adjusted for each type of sample to increase adduct yields (93). The 3' -phospho­
deoxynuc1eotides were then 5'-labelled with 132p~ATP and polynucleotide kinase.
Hemminki and Segerback (personal communication) found. that the conditions of
labelling (in particular, time) can affect the yield.' As with the digestion to
3'-phosphodeoxynucleotides, this was det~rmined with early samples and then held
constant for the remainder of the ·study. The normal 3',5'-bisphosphodeoxy-'
nuc1eotides were removed fro~ the adducts by overnight thin layer chromatography
(TLC). The adducted nucleotides were resolved from each other using further
mult i -d i mens i ona1 TLC. Add.ucts were vl-sua1i zed byautorad i ography and quant i fi ed
by scintillation counting of the resulting ·adduct spots. To increase the
sensitivity of the method for these samples, the 3'-phosphodeoxynuc1eotides were
further digested with Nucle.ase P, prior to ·labelling. The length of this
incubation was also adjusted to maximize adduct yields. Each sample was labelled
with 100-200 p.(i [32 p]ATP and polynucleotide kinase. Analysis of normal
nucleotides was performed to determine if there was excess [32 p]ATP in each
sample. These measures were neces~ary to ensure that the available adduct
nucleotides was suffitient [32 p]ATP to be labelled quantitatively. .

The relative adduct. labeling was determined as described in Reddy et a1. (94).
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Results from at 1east duplicate analyses were expressed as rel at i ve adduct
labeling times 109 to avoid small numbers.

Mutageni citv
Preparation of Samples. Initial studies assessed the BaP-particulates for
mutagenicity at 24 and 48 hours. Depending on our initial results the
concentration time points and number of plates/treatment were varied in order to
obtain sufficient material for the mutagenicity studies. As we have des~ribed,

aliquots of the organic ext~acts of the media were set aside for these studie~.

One half of ~he ethyl acetate extracts was evaporated to a 1 ml volume at which
time 1 ml of DMSO'was added. The evaporation proceeded to remove the remainder
of the ethyl acetate. The second half of ethyl acetate extract was evaporated
to dryness and was subjected to HPLC with a methanol :water mixture to separate
unmetabolized BaP from the metabolites (73). The water-methanol mixture of
metabolites was then prepared for the assay on the same Qccasion as the no~­

chromatographed extract in the manner described above.

Salmonella Mutagenicity'Assays and 'Data Analyses. Initial studies involved both
'reverse and forward Salmonella mutagenesis assays based on data reported by this
laboratory that have shown complementary data for BaP and its metabolites (97).
Both assays have been used for assessing biological mixtures (73,97). As the
research progressed the mutation assays were assessed as to ,which would be more
appropriate assay for these mixtures. Initially, the dose range of the parent
compound and their products and/or mixtures of products were in the range o.f 1­
25/-L/ml. Liver homogenates (S9) for mammalian metabolism were prepared from male
Sprague-Dawley rats. Animals were pretreated by i .p.injectionof 3MC 40 mg/kg
and asceptically excised livers were homogenized in three volumes cold buffer
(0.. 5 M KCl, 0.05 M Tris HC1). The supernatant fraction from 20 minutes
centrifugation at 9000 g wa~ dispensed into aliquots, and stored at -800 C until
use. Reverse mutation plate incorporation assays using Salmonella typhimurium
strains TA98 and TAI00 were done according to published procedures (73,97). For
activation assays, 10, 15, 50, or 100 /-Ll S9/plate plus cofactorswere used.
Positive responses were judged by two criteria: 1) numbers of revertant colonies
greater than twice ,the number obtained spontaneously; 2) evidence of a sample­
dose related increase in revertant colonies. Numbers of revertants l~ss then the
spontaneous controls or the presence of pinpoint His+ colonies were taken as
evidence of toxicity. Duplicate plates were done for each experimental point and
all assays were repeated. Salmonella strain TM677 was used in forward mutation
assays with resistance to S:..azaguanine as the end point (97). Micro-volume
suspension assays (total volume 0.1 ml) were done using l/-Ll test material. For
activation assays, S9 was added so as to constitute 1 or 10% of the assay volume.
Duplicate assay tubes were prepared for each experimental point. After a two­
hour incubation at, 3-7 0 C, the bioassay suspension was diluted and plated in
triplicate for seleCtion of mutant organisms diluted again, and then plated in

.tripl i cate for bacteri altoxi city. Numbers of revertant/l0 5 survi vi ng cell s were
calculated frbm the 6 mutagenicity and the 6 toxicity plate counts. Positive
responses were judged as those with numbers of revertarits/10 5 survivors wh,ich
were greater than the upper 99% co~fidence limit of the historicalspontaneo~s

,controls and the controls from the day of the assay. .

Results and Discussion
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Data in Detail. Isolation of AM, We developed an'assaythe phagocytic ability
of particles by AM. Male Syrian hamsters and Sp~ague Dawley rats (8-10 wks old)
were used. Primary AM were isolated by tracheal lavage as reported (8). The
lavaged fluid was centrifuged, the supernatant was discarded and the pellet was
resuspended with RPMI-1646 medium. An aliqu6t of the cell suspension was used
to identify the purity of the 'AM cellular differential staining (Diff-Quik stain
set Sci. Product Inc). An al iquot of th'e cell suspension was removed to
determine ,AM numbers using a hemocytometer and selected for AM based on size and
morphology and AM viability by dye exclusion using erythrosinB(75). The
average ~iability for each isolation was on the orde~ of 95-98%, 2.5-3 million
AM were obtained per animal. 'Two and a half ml of fresh RPMI-1640 (containing
different concentrations of particles, BaP or 'BaP-coated particles) were ad­
ministered to the AM, and viability (24 and 48 hours) assayed twice. One of the,
major objectives of this work was to culture AM without fetal calf serum since
it was thought that the serum would interfere with the planned metabolic studi~s

by removing free metab6lites from t~emedia. By adding back, BSA at a concentra-
tion of 2 mgj ml to the Petri dish the viability stabilized at 86.5%±0.9 at 24
hours (n=6) to 77.0%±1.0 at 48 hours (n=4).

Determination of the P.hysical Characteristics of. Particles. The physical
characteristics. of the particles are reported in Table 1 and represent values
which are typical of human ,exposure. All of the particles were of respirable
size with at least 98% less than 5 microns. The count median diameters for
aluminum oxide and amorphous siT i cas were equal to or 1ess than O. 38 microns
while for crystalline silica the count median diameter was 0.83 microns, ferric
oxide was 0.32 microns. The larger surface areas for the aluminum oxide and the
amorphous silicas were generally ~onsistent with the small median diameters and
the size distributions in that th~ values ranged from 124.8 to 253.1 m2jg. For
crystalline silica with larger count median diameter, the surface area was 4.3
m2jg. . Neither· precipitated nor gelled silica contained any detectable
crystalline silica; fumed silica contained 1.6% crystalline silica. C~ystalline
silica had a smaller surface area and a larger count median diameter than any of
the amorphous silicas. Photomicrographs of fumed silica showed marked clumping
of the individual submicron particles; this possibly contributes to the lower­
than-expected surface area determination (Appendix ,I, paper in p~ess).

Determ{nation of AM to Phagocytize Particles and th~ Cytotoxi~ity of Particles
to AM. Comparative viabil ity studies of the AM in the presence of ferric oxide,
aluminum oxide, or, the four forms of silica (crystalline, gelled, fumed,
precipitated silica) were undertaken to determine noncytotoxic doses during
phagocytosis. Doses of particles ranged from.O.O to 0.5 mgjplate. The viability
.of the hamster AM in the presence of aluminum oxide up to the highest dose was
similar to controls. After 24 and 48 hours, the viability of the AM for aluminum
oxide wa~ apprOXimately 80 and 70%, respectively. Similar results were obtained
with ferric oxide with the exception of an apparent small cytotoxic response
(P$t).01) of the AM at the highest dose, 0'.5 mg. In the presence of silica, the
Viability of the hamster AM was similar to controls up to a dose of O.Olmg
except for precipitated silica, where the viability was 57% at 48 hours. The
percent viability decreased with increasing dose and time. Zero percent
viability occurred at 0.1 mg of gelled sil,ica. For precipitated, fumed'and
crystalline, zero viability was observed at 0.5-mg. Viability at 48 hours ~as
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'con~istently lower thanat24 hours. Similar results for all the particles were
obtained for the Sprague Dawley rat AM. The crystalline silica had a smaller
surface area based on an equival~nt dose and a larg~r count medium dia~eter than
any of the amorphous silicas; the gell~d silica had the largest surf~c~ area of
all the particles tested. The cytotoxicity data on the silica interactions with
AM were generally consistent with this physical characteristic in that the

.particle with the larg~st surface area was the~ost cytotoxic i.e. gelled silica
was the most cytotoxi c wh i ch was consi stent with its 1ar.ge surface area (Append ix
1, paper,in press). . ' .

TABLE 1. Physical Characteristics of Particles

Particle Size Median Count Surface
Distribution Distribution Area X-Ray

(microns) (microns) (m2/g) Diffraction

Al 20 3 99% (5' 0.36' 198.4b

80% (1 .
Fec03 98.9% ~5b 0.32b 1O:8b

91.5% :::;1

Silica 99% (SO 0.83c 4.3"
Crystall ine 50% (1.0

AmOrphous 99.8% (5d 0.27d 253.1 b crystalline silica not
Gelled . 93% detectedd

Fumed 99.9% (5 ." (submicron 196.2" 1.6% crystalline
99.5% (1" 15-50 nm)e silicae

Precipitated 98% (5d 0.38d 124.8b crystalline silica not
85% (1 .. detectedd

.NIOSH 1992
. bAnalyzed by Micromeritics. Norcross, GA 1992

CStettler et al. 1991
dGroth et al. 1981
eAnalyzedby DataChem, SaltLake City 1992 '

A possible explanation of the observed effect is the presence of silanol groups
on the particle surface: Thesilanol groups associated with crystalline silica
have been· hypothesized to play an essential role in its cytotoxicity (76).
Silanol groups are also found on amorphous silica (77). It should be noted that
gelled and precipitated in aqueous solution are covered with silanol groups while
pyrogenic silica (fumed) are only partly covered with si·lanol groups; the
remainder are covered withsiloxane groups (78). The test materials with the
larg~st surface area present more silanol, groups for interactions with
phospholipids on the surface of the AM (65)~ This would explain why ferric oxide
and aluminum oxide were not cytotoxic or at best we~kly cytotoxic ~t these doses

. whil~ silicas are. The dose of the silica is related to ~urface area, an,d the. .

total silanol groups available. In a comparison of gelled and precipitated
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silica, the 'metal impurities in the precipitated siiica were greater than the
gelled but the cytotoxicity was greater in.the gelled silica (10). The
crysta11 i ne sil i ca had 1itt1 e in the way .ofi mpurit i es but was not more cy"totoxi c
than precipitated silica (79). .

. .
The results support the hypothesis that the silica is taken up into the phago­
somes in the cytopl asm (80).. the s i1i ca then by surface act ion· through the
silanol groups damages the membrane of the phagosomesresulting in the release
of hydrolytic enzymes:from lysosomes intb the AM cytoplasm. The process then
repeats i tsel f as the part i cl es whi ch are rel eased are. phagocyt ized ina
continuing cycle. The more silanol groups available the more severe the
cytotoxic response. In this set of experimental results, gelled silica
demonstrates a highly cytotoxic response which may indicate the presence of
silanol groups on the very la~ge surface area; the particles are available iniide.
the phagosome follOWing uptake. In support of this hypothesis, it has .been
indicated that amorp'hous sil ica can denature prbtein and disrupt cell membranes
(78) . .

BaP was assayed with this procedure in h~mster AM ina dose response manner from
5 to 15 ~g and was found to be noncytotox.ic. When SaP-coated Fe 203 was added to
hamster AM at two doses of F~20~ at 5 pg of'SaP, no cytotoxicity was observed at
24 hrs.' Similar results were seen with BiP-cbated-A1 203 • BaP-coated forms of
silica at the highest nonCytotoxic doses i.e. crystalline, fumed and precipitated
silica at 0.05 mg and gelled silica at 0.01 mg. were found to be noncytotoxic for
the hamster AM (data not shown). .

Morphometric Analyses. To develop a better understanding of the interaction of
BaP-coated particles with AM, we developed a morphometric approach for assaying
cytotoxi city and act i vat i on Of AM foll owi ng exposure to SaP-coated part i cl es
similar to that described by othe~s (81,82,83). The techniques are described in
deta i 1 in the methods section.

The relative amounts of phagocytosed material (inclusions) can be quantified, and
the size of the phagolysosomes in which inclusions are found can be,measured.
The closer the phagolysosome and the phagocytosed particles are in size, the
milder the cytologic reaction to the internalized structure. ·If there are very
large phagolysosomes, then the reaction to' the ingested material would be
considerable. When the particle is very toxic, then only small amounts of
material are internalized, and the percent inclusion in the entire cytoplasm is
also small. The .reverse is true of very ntin-toxic particles, where 80% or so of
the entire cytoplasm can be occup.i ed by the phago1ysosome, and the rat i 0 of
particle to the entire AM cytoplasm, are both measures of toxicity of that
particular type of particle. SecOndly, AM which have been stimulated, h~ve very
l,arge nuclei, and are generally larger in size than nonactivated AM. Mean
nuclear and cell area can be determined in relatlon to the type of particle
ingested and the volume density of particle within the AM determined. These data
can then be related to biochemical parameters. Thirdly, surface.phenomenon which
alter cell activity can be measured as cytoplasmic blobbing and flattened
pseudopodia, while hypertrophy of the cytoplasm can be measured by the increase
in nuclear area and cytoplasmic area (84,85).
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. In studies. with light mic~oscopic morphometry of AM (Tabl~ 2) cell and nuclear
areas. were analyzed. SaP was given at 3 Jig and a.ll particles were added at 0.05
mg and 3.5-3x1 6 <:ells/plate .. There was no significant difference between
macrophages treated ~ithBaP and DMSO+SaP in terms of nuclear area or cell area.
There was a significant increase in nuclear area and/or cell· area if Fe203 or
silica, either crystalline or precipitated, was co-ingested with BaP relative to
BaP alone. There was also a significant difference (in nuclear area) between the
diffe~ent silicas when 'incubated with SaP. Fe 203 alone ~as less effective at
increasing nuclear and cell area than Fe 203+BaP. The data indicate that AM
exposed to BaP~coat~d .particles respond in manner which is different from that
seen with either SaP or particle alone.

TABLE 2. Morphometric Analyses of Hamster AM

Alveolar Nuclear Area± S.E. . Cell Area±S.E.
Macrophages

BaP (3 J..Lg) 6.0 ± 1.0 28.2 ± 3.8

SaP DMSO (3 J..Lg) 7.0 ± 0.6 26.2 ± 2.5

Aluminum Oxide (0.05 mg) S.7± 1.0 22.9 ± 3.9

F~OJ (0.05 mg) 7.1±0.7· 28.1 ± 2.5

SaP-F~03(0.OSmg) 9.0 ± 1.1" 42.4 ± 4.3"

Fumed Silica (0.05 mg) 7.2 ± .0.6 26.4 ± 2.5 .

SaP Crystalline (0.05 mg). .6.9 ± 0.6+ 38.8 ± 2.5"

SaP PpT Silica (.05 mg)·· 9.1 ± 0.8" 34.0± 3.2"
. - ...

Significantly different than SaP. alone and/or SaPIDMSO p ~ 0.05
"Significantly different from SaP ppt silica (pr'ecipitated-ppt)

Determination of Metabolic profiles from BaP~coated Particles. Previous
cytotoxicity studies.of particles were used to determine the dose ofparticl~ for
metabolism studies· (0.5 mg Fe 203 , 0.05 mgcrystalline, fumed and precipitated
silica and 0.01 mg gelled silica). To 3 Jig of BaP per dbse and particles, 20 ml
of acetone was added. A volume:weight ratio was calculated and the appropriate
aliquot of the particle mixture was taken while the mixture was vortexed, placed
into a 60·C oven until the aceto~ehad evaporated. Then 14C_BaP was dissolved
into 50 Jil acetone and added to the particle, vortexed and heated in a 60·C oven.
Sample was then stored at 4·C. Observation of particles in media (under an
inverted fluorescence microscope) indicated that all of the SaP was associated
with the particle under study. EM work indicated that the particles were of the
same size as precoated forms.

After lavaging hamster AM with PBS and aliquoti~g cells for count and viability,
3x 106 cells were plated using 2.5ml RPMI-1640 media for 1.5 hours (Figure 1).
The AM were then. washed with media and SaP-coated particles were theri added for
24 . hours. The med i a was removed and 'extracted wi th . ethyl acetate. The
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-

I I 9,10-diol I 4,5-diol I 7,8-diol I
BaP n=4 3.5+0.1 0.6±0.1. 0.3±0.1

BaP-ppt n=5 6.4±0.3" 1.2±0.1" 1.4±0:0"

BaP-Fumed n::=5 7.6±0.S" 1.5±0.1". 1.4±0.1"..

BaP-Gelled n=3 2.S +0.4 0.7+0.1 1.0±0.1"

BaP-F e.:c0 3 n=6 4.5±0.1" 0.8±0.1 0.7 ±O.l"

BaP-Crystall ine n=:=6 6.4 ± 0.4" 0.8±0.1 0.6±0.1"

nonextractable media was counted. The AM were removed from the plate by adding
0.25% trypsin at room temperature for 30 min. The AM and a media wa~h of the
plate Were combi ned and spun. The wash, was· counted and the pe11 et was
resuspended in media and gently agitated. The AM suspens'ion was extracted with
ethyl acetate (The same procedure was used to extract the BaP-co~ted pafticle
controls without AM in order to determine the amount of extractable BaP). The
ethyl acetate extracts were evaporated to dryness under nitrogen and stored for
HPLC analysis. The 'nonextractable cell suspension was counted. The. particle
pellet from the AM suspension was counted and combined with the ethyl acetate
extract count of the plate itself.

The data inditate (Table 3) that altho~gh the metabolism of BaP at this dose is
not high, there are differences in the metabolic pattern seen in the media which
can be considered important. The major' pathway is through thedihydrodiol
formation. The. 7,8-diol metabolite which is the precursor of the ultimate
metabolite 7,8-diol-9;10-epoxide is higher in all of the particle associated BaP
relative' to BaP alone. Thi,s would suggest that BaP-coated particles· are
metabolized more readily through the active pathway than by BaP itself which
would suggest a change in the metabolic pattern due to particles. (This will
become more apparent with DNA binding data.) This has been seen before in our
lung perfusion (33) and macrophage cell suspension studies (8). Of the particles
studied, the values for the 7,8~diol were higher for the amorphous silicas than
that of Fe203 or cryst~lline silica. "No other significant differences were seen
in the distribution of BaPin media and AM (data not shown) ..

TABLE 3; (pinol/l06 cells)+S.E. Metabolism in Hamster AM

. ·Significantly different from BaP alone atp=0.05

. The level of DNA-binding from BaP-coated particl~s. As previously destribed in
the section above the BaP-coated particles were incubated withAM and after 24
hours the AM were isolated. The DNA ~as isolated using a phenol extraction method
and analyzed by 32p-postl~beling techniques.

The data indicate that both qualitatively and quantitati~ely that th~ BaP-adduct.
patterns have been altered by the presenCe of part i cl es (Tabl e 4 and Figure 2).
In all cases,·ppt, crystalline or Fe 203 adducts #2 is. the predominant adduct as
opposed to the presence of all three adducti for BaP alone. The adducts in
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Figure 2 have been normalized for the total DNA content in Table 4. These data
are consistent with the metabolic data previously reported in that particles'
appear to alter both the metabolic pattern in the media and adduct pattern in AM.'
Adduct #1 cochromatographs with the (+)anti-diolepoxide of BaP bound to dG which
is considered to be the ultimate P450 metabolic pathway. Adduct #2 appears to
be formed through a noncytochrome P450 metabolic pathway (-anti). This increase.
in the level of binding (adduct #2) is correlated with the i~creased for~ation
of the active forms of the dihydrodiols, in particular the7~8-diol. What is
evident is that particles with the larger surface areas appear to have altered
the formation of BaP active metabolJc intermediate~ ..

TABLE 4. Relative Adduct Levels (x 10~ in Hamster Alveolar Macrophage

Adduct #1 Adduct #2 Adduct #3

BaP 19.4 14.9 16.2

BaP-ppt Silica 1.6 37.6 2.75

BaP-F~OJ ND 23.0 ND

BaP-Crystalline Silica ND 9.4 ND

Corrected tor DNA content at sample
ND - Not detected (Below detection limit(1x109

)

The Mutagenicity of BaP Metabolite Mixtures. The Ames Salmonella test is a~ in
vitro assay used to detect mutagenic compounds. In the assay, histidine-

. requiring bacteria strains with specific types of mutations are plated with the
test chemicals in the presence of growth-limiting concentrations of histidine;
only bacteria which can revert to histidine independence are capable of producing
colonies. With the addition of mammalian 59 microsomal preparation, compounds
may be enzyme act i vated comp.ounds and detected as mutagens. ,After 48 hours
incubation at 37°C the revertant colonies on the test and control plates are
counted and the presence of auxotroph ic bacter i a is confi rmed. Compounds
produc i ng revertant counts more than 2 to 3 times the spontaneous' ·revers ion
counts are considered positive mutagens. The Ames assay was 8sed to determine
the mutagenicity of BaP metabol ite standards (from Midwest Research Incorporated)
and the or~anic extracts of several macrophage media.

BaP trans-7,8-diol was mutagenic in the presence of 3-MC induced S9 for TA 98 and
TA 100 at 0.25, 0.5, and 1.0,~g per plate, with the revertants showing a dose
response. Higher doses plated with 59 were toxic. The mutagenic response was more,
than 3 times spontaneous reversion. BaP trans-9,10-diol was mutagenic only in
the presence of 3-MC induced 59, for TA 98 at 5, 10, 25, and 50 ~g per plate and
for TAla0 at lOand 5a ~g per p1ate withad 0 seresponsere1at ion ship. The
mutagenic response was more than 3 times the spontaneous rate, except for TA 98
at 5 ~g and TA 100 at' 10 ~g per pl ate where the response was > 2 times
spontaneous. SaP trans-4,5-diol at 0.4, 4, 8, and 20 ~g per plate was not
mutagenic for either strain, with or without S9 activation.

None of the extracts from the macrophage media were mutagenic with or without
BaP. SaP had been isolated from the extracts by HPLC. The data indicate that
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the 7,8. and 9,10-diols are' mutagenic as expected ,but that the levels of
metabolites ar~ too low to be detected in the assay, although, we have detected'
mutagenic metabolites from rabbit miicr6phage using this assay (73). Two other
assays were attempted, the T97 mi ero suspens i on assay and the TM677 forward
mutation assay both of which have the capacity to detect smal,ler amounts of
metabolites. We have used TM677 to detect,mixtures of metabolites (97). We had
to obtain new clones of TM677 due to' the fact that the clones lost, their
plasmids. These latter assays did not show any positive results.

, Concl usi ons

This laboratory has had a lcing-term interest in the effects of~article on the
metabolism and binding in the lung of xenobiotics, such a~, SaP, dibenz(c,g)carba­
zole and dibenz(a,j)acridine (31,33,73,74) .. Using an isolated perfused lung
preparation of SaP in the lung, we have shown' fer~ic oxide parti~ulates as a
major component alters the metabolism of SaP in the lung; whole animal exposure
to a particle enhances dihydrodiol' formation and depresses water soluble
conjugates (31). Secausedihyctrodiol formation is involved in the active pathway
of SaP metibolism (6), these d~ta suggest that pulmonary exposure to a known
cocarcinogen, ferric ,oxide, in .the presence of SaP results in increased
production of dihydrodiols which may be further metabolized to the ultimate
carcinogenic form(s) of SaP. Therefore, ferric oxide,can enhance the metabolic
activation of SaP by the lung as well as act as ,a carrier for penetration and
retention in the lung. ' "

In related studies ~73),·the Salmonella!micro~6me test was applied as an assay
of mutagenicity in lung tissue and blood extracts. ,Lung, trachea-bronchi and
macrophage extracts from the i.solated perfused'lung (IPL) receiving SaP were
found to be mutagenic~ A part of this activity was attributed to SaP metabolites
rather than to the ~arent compound ,remaining in extracts. When the lungs were

.exposed to SaP plus ferri C ,oxi de or fl y ash, only the AM extracts were
consistently m~tagenic. It appeaied in the latter cases that the AM accumulated
SaP, but did not metabolize it appreciably during the course of the perfusion.
It was not possible under conditions of SaP pretreatment of the whole animal to
determine whether themacrophages from BaP-~lus-particulate-treated lungs were
unable to readily metabolize BaP, or if metabolism was delayed in some way such
that it required longer times than 180 minutes during which the IPL functions.
AM could retain the compounds for extended periods of time beyond the time frame
of the IPL before metabolizing or releasing them to lung tissue for possible
metabolism at a later time, or another site, such as the trachea and bronchi.

A logical extension of this work was to assess the influence,of phagocytosis of
BaP-coated ferric oxide on S~P metabolism inAM (8). The AM wetelavaged from
hamsters and cultured in suspension (2.5 x 106 cells) with SaP (62.5 nmoles, 14C

. labeled) alone or adsorbed onto 0.5, 1.0 or 2.0 mg Fe 203 in the presence of
cytochrome C. Following separate ethyl acetate extractions of the AM and medium,
the metabolites were ,.isolated by HPLC and quantified by liquid scintillation
spectromet ry. The product ion ofsuperoxi de an ions was mon itored by the reduct ion
of cytochrome C. '

Concurrent exposure of AM to BaP coated Fe203 resulted in a significant intrease
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in the amount of SaP metabolit~s and superoxtde anions produced. The following
metabolites were identified in both the medium and the AM: 9,10-dihydrodiol; 7,8­
dihydrodiol; 4,.5-dihydrodiol; 9-hydroxy; 3-hydroxy; and 3,6-quinone. In general,
the amount of. 7,8-dihydrodiol(a precursor of the ultimate carcinogenic
metabolite of SaP)· and superoxid~ anion .(produce localized lipid peroxid~tion and
edema in vivo) for~~tion was significantly enhanced .(p = 0.05, Duncan~smultiple

compari son test) in AM exposed to all 'doses of Fe 203 when compared to AM exposed
to SaP alone. This Fe 203 dose related enhancement of superoxide anion was
indicative of increased endocytic capacity resulting in a greater amount of total
metabolites being produced, in particular, the dihydrodiols of SaP (see reference
8, in appendix). .

In an effort to .assess metabolism and DNA binding of SaP-coated ~art~cles such
as silica relative to Fe 203 we assessed 1) the ability of AM to phagocytiz~ SaP
coated for~s of silicas relative to Fe 203 and A1 203 , 2) the patt~rn of metabolites
derived from SaP coated particulates incubated with AM and 3) SaP binding to DNA
from BaP-coated particles. .

Summary of data. An in vitro AM culture system was used for assessfng both
phagocytosis and cytotoxi~ity of paiticles as well as metabolism, DNA-binding:
The physical characteristics of the particles i·ndicated that crystalline silica
had a smaller surface area arid· a larger count median diameter than any of the
amorphous silicas and that gelled had the largest surface area~of all the
particles tested including ferric oxide or aluminum oxide. Gelled silica based
on equival~nt doses given to AM was the most cytotoxic, consistent with its large
surface area. All forms of amorphous sil ica had smaller particle sizes and were
cytotoxic suggesting that more of.the dose for the amorphous silicas entered the
AM. The toxicity also appears related to the surface properties; those particles
having more silano] groups were more cytotoxic. This may explain the fact that
ferric oxide and alumihum oxide were not cytotoxic while silicas were. The dose
of the silica is important in that more silanol groups are probably available on
the crystalline silica surface and therefore a larger dose of amorphous silica
must be. incorporated into the AM in order to observe ·the same toxic effect as
crystalline s~lica. Therefore dose, surface properties and particle size each
affect cytotoxicity of silica to AM (see appendix for paper in press).

These same properties app~ar to be important in the metabolic activation of SaP
by AM. At a similar dose of SaP and pa~ticle,all of the SaP-coat~d particles
produced more SaP dihydrodiols than SaP ~lone. ·The three amorphous forms of SaP­
coated silica prodLicedmore 7,8-diol of SaP (in pmol/l06 cells). than the BaP­
coated Fe 203 and BaP-coated crystalline silica .. The 7,8-dio.l is considered to

·be the precursor to the ultimate ~etabolite of SaP; Although these metabolites
were produced in low levels, it was sufficient to produce BaP-DNA adducts. In
all three cases which.were studi~d, BaP/ppt sili~a, SaP-crystalline silica and
BaP-Fe 203 in comparison to SaP alone, the BaP adduct patterns were altered such
that adduct #2 was increased relative to adducts 1 and 3. Of these three the
re1at i ve adduct 1eve1s for the ppt form were greater than that of Fe 203 or
crystalline. silica· which is consistent with the greater surface area of ppt
silica. Adduct #1 is· the +anti-diolepoxide of BaPbound to dG from P450
cytochrome metabolism while adduct 2 and 3 (have been found to be -, ant i­
diolepoxide of SaP bound to dGand -anti-diolepoxide of SaP bound to dA,
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,respectively) could involve 'non P450 cytochrome metabolism.

Morphometri ca11 y, we have. shown that AM exposed to particle coated wi th. BaP,
responded differently than either BaP or particles alone at noncytotoxic doses~
Thi.s approach would give a good estimate of AM activation as a result of
coexposure which could be correlated with the bibchemical parameters. Based on
the preliminary data, BaP-coated particles at a single dose in comparison with
BaP alone have an impact on the metabolism,DNA binding, the extent of adduction
through P450 cytochrome metabolism, and AM activation and perturbation.
Additionally for metabol ism, DNA binding and.cytotoxi~ity parameters, the surface
area of the particle appears to playa major role. .
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