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INTRODUCTION 

Bronchogenic carc~noma is the leading cause of fatal cancer and the most 
common malignancy of the respiratory tract in cigarette smokers. In com­
parison to smokers in the general population (8· to 10-fold greater than 
normal risk), the risk of bronchogenic carcinoma is substantial (80- to 
92-fold) in asbestos workers who smoke [ 1,2]. In contrast, the incidence of 
tumors in the nonsmoking asbestos worker is less (1.5 to 4-fold) [ 1-4]. 

The role of other minerals as cofactors in bronchogenic carcinoma has been 
implicated by a number of experimental studies [5,6] . Polycyclic aromatic 
hydrocarbons (PAH) (i.e., chemical carcinogens in cigarette smoke), when 
adsorbed to a variety of particles such as hematite, aluminum oxide and 
carbon and placed via intratracheal instillation into rodents, are more car­
cinogenic than identical amounts of P AH administered alone. Presumably, the 
dusts facilitate the penetration of the chemicals and their persistence in the 
respiratory tract [7]. Because instillation of particles does not cause tumors, 
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"carrier" dusts are referred to as (co)carcinogens*, as opposed to complete 
carcinogens such as P AH. 

The experimental approaches described here were developed to determine 
mechanisms of mineral-induced (co)carcinogenicity at the cellular level. We 
were interested specifically in elucidating the interaction of selected fibers 
and particles with "target" epithelial cells of the airways in vitro. In addition, 
we developed a tracheal graft model to demonstrate the tumorigenic potential 
of airway cells exposed to minerals alone and in combination with P AH. Our 
emphasis thus far has been on the characterization of asbestos-induced 
cellular responses, although a number of other minerals (i.e., fiberglass, 
hematite, kaolin) have been examined in comparative studies. 

APPROACHES 

A serious shortcoming of whole animal models after intratracheal instilla­
tion or inhalation of asbestos is the small numbers and different histological 
types of tumors appearing despite protracted periods of exposure [8] . To 
address this problem, we developed methods for long-term organ culture of 
rodent tracheal epithelium after exposure in vitro to weighed amounts (mg) 
of minerals (Figure 1). An inbred hamster (15.16EHS, Research Triangle, NC) 
was selected as the species of interest to allow implantation of tissues 
subcutaneously into donor animals. Moreover, after intratracheal instillation 
of P AH, hamsters develop bronchogenic neoplasms, the type of tumor 
observed most often in the respiratory tract of man. 

After removal of the trachea from animals, tracheal organ cultures are 
prepared and exposed to minerals alone or coated with P AH. They then are 
maintained in culture for up to 6 months. Tissues are removed at intervals for 
morphologic assessment using histology, autoradiography and transmission 
and scanning electron microscopy (TEM and SEM) [9-11]. Other trachea are 
grafted subcutaneously into weanling hamsters that are palpated for tumors 
on a regular basis. When neoplasms appear, grafts are removed for histology 
and step-sectioned to determine the type of tumor and its site of origin 
from the tracheal epithelium (12-14] . 

To enable quantitative biochemical studies, cloned lines of tracheal 
epithelial cells have been established from neonatal hamsters [15,16] . Thus, 
we are able to look at enzymatic changes occurring after addition of minerals 
[17,18] and their effects on metabolism and uptake of PAH [8,19,20]. 

*(Co)carcinogenesis is defined as the ability of a mineral to cause tumors in 
combination with a PAH. 
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Figure 1. Schematic diagram of the procedure for preparation of hamster tracheal 
organ cultures. After exposure for 1 hour to minerals alone and coated with PAH, the 
explants are maintained in vitro for periods of as long as 6 months. Other tissues are 
implanted into syngeneic animals to determine their tumorigenic potential. 
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RESULTS AND DISCUSSION 

Comparative Studies to Determine the (Co )carcinogenicity of Crocidolite 
Asbestos, Carbon, Kaolin and Hematite in Implanted Tracheal 
Organ Cultures 

The carcinogenicity of the P AH 3-methylcholanthrene (3MC) was examined 
in hamster tracheal epithelium after its adsorption at equal amounts onto 
crocidolite asbestos (UICC reference sample), carbon (0.5-1.0 µ diameter, 
IIT Research Institute, Chicago, IL), kaolin (3-5 µ diameter, Georgia Kaolin 
Co., Elizabeth, NJ) and hematite (0.5-1 µ diameter, IIT Research Institute, 
Chicago, IL) [13). Dusts alone (16 mg/ml) and coated with 3MC were 
suspended in Hanks' Balanced Salt Solution (HBSS) at 2 concentrations 
(ca 8 and 16 mg/ml) before precipitation on the tracheal epithelium for 
1 hour. Use of radioactively tagged 3MC made it possible to determine the 
amounts adsorbed to each type of particulate and the dosage to the tissues. 
After maintenance for 4 weeks in vitro, explants were grafted into syngeneic 
animals . 

Neoplasms, the majority of which were carcinomas, appeared after ex­
posure of tissues to 3MC-coated materials, but not after exposure to 
particulates alone (Figure 2). At highest concentrations (16 mg/ml), the 
relative ( co )carcinogenicity of the dusts was crocidolite > hematite > 
kaolin > carbon. However, at lowest amounts (8 mg/ml) no statistical dif­
ferences between groups were observed. 

We hypothesized that (co )carcinogenicity might be related to either the 
affinity of the dust for 3MC or its elution into culture medium. However, the 
relative amounts of 3MC adsorbed to and released from various particulates 
was not related consistently to tumorigenic potential. For example, carbon 
adsorbed more hydrocarbon than identical amounts of other dusts, although 
elution was minimal. In contrast, crocidolite neither adsorbed nor released 
large amounts of 3MC. These results were intriguing and prompted experi­
ments to determine possible mechanisms of mineral-induced (co)carcino­
genicity at the cellular level. 

Concepts of Carcinogenesis and Promotion 

Carcinogenesis is thought to be a progression of events consisting of 
sequential stages of initiation and promotion. These processes were demon­
strated originally in the classical mouse skin system but are believed to apply 
to a variety of organs including liver and respiratory tract [21). An 
"initiator" is defined as an agent capable of interacting with DNA. This 
molecular instability results in a cell that is prepared for the sequential 
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Figure 2. Tumors occurring from implanted hamster trachea, after exposure in vitro 
to 3-methylcholanthrene (3MC) coated on crocidolite asbestos, carbon, kaolin and 
hematite. 

progression to malignancy. In contrast, "promoters" are defined as a subset 
of (co)carcinogens that lack significant carcinogenic activity but result in the 
enhancement of tumors when applied after a subcarcinogenic dose of an 
initiator. Promoters, such as the phorbol esters in mouse skin, cause 
proliferative and biochemical cellular alterations that are necessary for the 
development of tumors (Table I). These properties include: (a) attachment 
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Table I. Properties of Classical Tumor Promoters 
Important in Carcinogenesis 

1. Interaction with an entrance into the target cell 
2. Stimulation of cellular division 
3 . Inhibition of normal cell differentiation 
4. Increased induction of ornithine decarboxylase (ODC), 

the rate-limiting enzyme in the biosynthesis of polyamines 

to and entrance into target cells; (b) stimulation of cellular division, a 
necessary event for the transformation of cells by chemical carcinogens [22]; 
(c) inhibition of normal cell differentiation; and (d) induction of ornithine 
decarboxylase (ODC), the rate-limiting enzyme in the biosynthesis of 
polyamines. A critical intracellular level of poly amines is necessary for normal 
cell division and maturation. 

Our investigations thus far have focused on the biochemical and mor­
phologic effects of both crocidolite and chrysotile asbestos on tracheal 
epithelial cells in vitro. Both types of asbestos and a variety of nonasbestos 
dusts [9-11] are phagocytized by superficial tracheal epithelial cells and 
transported to underlying basal cells, the presumed progenitors of broncho­
genic carcinoma (Figure 3). Moreover, both crocidolite and chrysotile cause 
proliferative alterations, including enhancement of serum-dependent cell 
division and an increase in ODC activity in monolayers of tracheal epithelial 
cells [ 17] . In studies now in progress, we are examining comparatively the 
effects on induction of ODC by nontoxic amounts of crocidolite, chrysotile, 
kaolin and hematite (Table II). Induction of ODC is comparable after 
addition of kaolin, chrysotile or crocidolite to cultures, whereas hematite 
does not stimulate the enzyme. 

Table II. Effects of Minerals on Induction of ODC When Added to Tracheal 
Epithelial Cells for 24 Hours 

Mineral 

Crocidolite 
Chrysotile 
Kaolin 
Hematite 
Control 

Concentration 
(µg/cm2)a 

2.56 
0.65 
2.56 
2.56 
-0-

aµg of material per cm2 of surface area in Petri dish. 

ODC Activity 
(nm CO2/hr/mg protein) 

0.021±0.002 
0.025±0.002 
0.029±0.009 
0.016±0.010 
0.011±0.004 
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Figure 3. A transmission electron micrograph showing intracellular accumulations of 
crocidolite asbestos in a basal cell. Note the degenerating superficial cell (arrows). 
Uranyl acetate and lead citrate. X 12,000. 

After precipitation on tracheal organ cultures, crocidolite causes increased 
incorporation of 3H-thymidine, basal cell hyperplasia and the appearance of 
squamous metaplasia, the conversion of a normal mucociliary epithelium to a 
squamous, cornified layer (i.e ., inhibition of normal cell differentiation) 
(Figure 4) [23] . These proliferative alterations are observed also with the use 
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Figure 4. A scanning electron micrograph showing proliferation of tracheal epithelial 
cells in organ culture around fibers of crocidolite asbestos. The explant was exposed 
to crocidolite in 4.0 mg/ml medium and examined after 4 weeks in culture. X 800. 

of other needle-like fibers, including borosilicate glass [ 12] and amosite 
asbestos [23]. In contrast, metaplastic changes do not occur using chrysotile , 
a pliable curly fiber, and nonasbestos particles such as hematite, kaolin and 
carbon. 

Although crocidolite exhibits many of the characteristics of classical tumor 
promoters on target cells, additional mechanisms must be considered in the 
context of mineral-induced (co)carcinogenesis (Table III). For example, 
exposure to cytotoxic dusts might result in damage to cells of the airways 
and impairment of normal mucociliary clearance. Thus, both particulates and 
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Table III. Properties of Minerals that Might Be Important 
in Carcinogenesis 

1. Damage to cells of the respiratory tract resulting in 
impairment of clearance mechanisms and increased 
retention of minerals 

2. Ability to adsorb and release PAH 
3. Efficiency of transfer of PAH to cells 
4. Effects on metabolism of PAH 

chemical carcinogens would be retained for extended time in the respiratory 
tract. 

The interactions between P AH and minerals also can be important. P AH 
must be metabolized to active fonns, which bind to DNA, and water-soluble 
fonns, which are excreted from the cell. Our recent studies [8] suggest 
that asbestos may play a role in the metabolism of P AH by tracheal epithelial 
cells. In these experiments, cells in culture were monitored for the activity of 
aryl hydrocarbon hydroxylase (AHH), a system of microsomal P-450 
enzymes responsible for metabolism of PAH. After addition of the P AH 3MC, 
a greater than two-fold increase of normal AHH activity was observed. 
However, 3MC-induced activity was enhanced significantly when crocidolite 
fibers and 3MC were added simultaneously to cultures. 

In current studies, we are examining uptake and retention of the P AH, 
benzo(a)pyrene (BaP), by tracheal epithelial cells after addition of BaP-coated 
minerals to cultures [20] . When BaP is adsorbed to chrysotile or crocidolite 
before their addition to cultures, 70% of the total BaP introduced enters the 
cells within 1 hour, whereas 50% remains intracellular after 8 hours . In 
contrast, if identical amounts of BaP are added directly to medium, an initial 
influx of 20% is observed and cells retain only 5% of the initial amount at 8 
hours. Although kaolin and hematite also facilitate the initial cellular incor­
poration of BaP (in comparison to results obtained with solubilization of 
BaP in medium), their effects on the retention of the hydrocarbon are not 
as striking as those with use of asbestos . In contrast, after interaction of 
BaP-coated fiberglass (Code 100 microfiber, Johns Manville, Denver, 
Colorado), little cellular transfer of BaP is observed over an 8-hour period 
(Eastman, Mossman and Bresnick, manuscript in preparation). 

SUMMARY AND CONCLUSIONS 

Asbestos appears to be noncarcinogenic or weakly carcinogenic in airway 
epithelium unless combined with complete carcinogens such as P AH in 
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cigarette smoke. This conclusion is supported by both epidemiological data 
[ 1-4] and studies using rodents after intra tracheal instillation of asbestos, 
PAH or the two in combination [24-26] . Under these circumstances, 
administration of asbestos alone does not cause tumors. Although neoplasms 
are induced with PAH, numbers are increased when equal amounts of P AH 
are coated on fibers before instillation. A variety of minerals can be 
(co)carcinogenic when coated with PAH, but to varying degrees. 

The mechanisms of mineral-induced (co)carcinogenesis are complex, but 
can be divided into two different spheres. First is the association of the 
mineral with hydrocarbons and its effects on cellular transfer, metabolism 
and retention of the chemical carcinogens. Second are the morphologic and 
biochemical changes in tracheal epithelium induced by minerals such as 
crocidolite asbestos. This spectrum of effects appears similar to the influences 
of a number of classical tumor promoters on target cells. 

In comparison to fiberglass and nonasbestiform materials such as kaolin, 
carbon and hematite, both crocidolite and chrysotile possess a variety of 
properties that might be essential in ( co )carcinogenesis (Table IV). These 
include induction of proliferative alterations and enhanced transfer of P AH 
to epithelial cells. Because the activation of P AH and their retention by cells 
are increased after exposure to asbestos , the chances of an interaction 
between PAH and DNA-the presumed target molecule for transformation­
are greater. 

Table IV. Effects of Minerals that Might Be Critical in Transformation 
of Tracheal Epithelial Cells by PAH 

Crocidolite Chrysotile Fiberglass Kaolin Hematite 

Uptake and entrance into 
basal cells +a + + + ++ 

Stimulation of cellular division + + E.P.b _c 

(transient) 
Inhibition of differentiation 

(squamous metaplasia) + - + 
Induction of ODC 

(> synthesis of polyamines) + + E.P. + 
Transfer into and retention 

of PAH by cells ++ ++ - +- +-

a+== mineral exhibits the property. 
bE.P. == experiments in progress. 
C - == mineral does not exhibit the property. 
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