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ABSTRACT

Aflatoxin It, (Alii,) is thought to be an occupational risk factor for
airway carcinogenesis where exposure to AFB,-laden grain dusts is
common. Since activation of AFBi is catalyzed by cytochromes P-450
associated with the smooth endoplasmic reticulum, we compared the
response to AFB, in cultured trachea! epithelium from species with
abundant (rabbit and hamster) and scarce (rat and monkey) distributions
of smooth endoplasmic reticulum in nonciliated trachea! epithelial cells.
Expiants from each species, incubated in medium containing 0.5 MM
|'4C]-AFBi for selected intervals up to 24 h, were compared on the basis
of binding of |UC|-AFB, Â«otrachea! DNA, amount and type of AFB,

metabolites in the medium, ultrastructurally determined population den
sities of epithelial cells, and distribution of bound material in epithelium
as determined by autoradiographic grain densities. Cultures derived from
rabbits were most active in metabolic conversion and formation of MTl,-
DNA adducts, followed by those from hamsters, rats, and monkeys.
Rabbit trachea! epithelium formed a significantly greater proportion of
glutathione conjugates, while that from hamster formed a greater amount
of AFBi-dihydrodiol, compared to rats and monkeys. The monkey formed
significantly greater proportions of aflatoxin (.), and the rabbit more
aflatoxicol, compared to the other species. There was selective degener
ation and accumulation of labeled material in nonciliated cells in both
rabbits and hamsters but not in rats or monkeys. Expiants from rabbit
tracheas were much more susceptible to cytotoxic injury and had higher
autoradiographic grain densities than expiants from hamsters. We con
clude that the presence of smooth endoplasmic reticulum-containing
nonciliated epithelial cells is qualitatively associated with the activation
and toxicity of AFBi.

INTRODUCTION

AFB,3 is a mycotoxin produced by strains of the fungus

Aspergillus flavus. When present in the diet, it is a potent
hepatocarcinogen in a number of animal species (1), although
evidence linking it to human cancers is tenuous. Aside from
being present in many dietary components, it is also found in
significant amounts in respirable particles of grain dust (2, 3).
Some epidemiological studies have linked AFB, to an increased
incidence of respiratory cancers in some occupational settings
(4, 5). Our laboratory has attempted to study the potential
human respiratory carcinogenicity of AFB, using cultured tra
chÃ©alexplants from mammalian species. Using this system, we
have found that AFB, is metabolized by upper airway cells to
compounds which are mutagenic, are capable of binding to
nuclear DNA, and cause selective cytotoxicity of the nonciliated
secretory cells in both hamster and rabbit trachÃ©alexpiants (6,
7). Another comparison of the binding of AFB, to nuclear DNA
in trachÃ©alcultures showed that there was much greater binding
of AFBi to DNA from hamsters, compared to that from dogs,
rats, or humans (8).

Because most chemical carcinogens require metabolic acti
vation before either being cytotoxic or creating genetic injury,
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species differences with respect to competence of airway tissue
to metabolize carcinogens have been the subject of recent in
vestigations. Several lines of evidence suggest that secretory
cells in airway epithelium are responsible for metabolic activa
tion of carcinogens and pulmonary toxins. Many systemically
administered toxins selectively damage secretory cells in the
distal airways (9, 10). Autoradiographic localization of system
ically administered diethylnitrosamine shows that this agent
selectively binds to secretory cells in the airways (11). Immu-
nocytochemical localization of enzymes associated with the
cytochrome P-450 mixed function oxidase system, of which
AFB, is a substrate, shows large amounts of these enzymes in
secretory cells from both distal (12) and proximal (7) airways
in the rabbit. These same cells have abundant SER, which is
the subcellular site of organization of the mixed function oxi
dase system. The content of SER in airway secretory cells varies
considerably among mammalian species. For example, trachÃ©al
secretory cells of the rabbit and hamster have abundant SER,
while those of the rat and rhesus macaque have very little (13).

The purpose of the present study is to determine whether
these differences in airway epithelial SER content are reflected
in the rates of AFB,-DNA binding, P-450-mediated metabolism
of AFBi, and susceptibility to the cytotoxicity of AFB,. These
endpoints are examined in cultures from airways taken from
species with abundant (hamster and rabbit) and scarce (rhesus
macaque and rat) SER in their trachÃ©alnonciliated secretory
cells.

MATERIALS AND METHODS

Animals and Expiant Preparation. TrachÃ©alexpiants from rodents
were prepared from specific pathogen-free male animals which were
euthanized by i.p. injection of pentobarbital. Tracheas from rhesus
macaques were obtained from untreated young adult males that were
clinically free of respiratory disease and had been killed by i.v. admin
istration of pentobarbital, as a part of another research protocol, at the
California Primate Research Center (Davis, CA). Tracheas were im
mediately removed, trimmed of extraneous connective tissue, and rinsed
in culture medium. Rat and hamster tracheas were carefully opened
along the pars membranacea and a single longitudinal transection of
the ventral cartilage rings was made to allow the expiant to lie flat.
Rabbit and monkey tracheas were also opened through the pars mem
branacea but were further divided into six portions made from comple
mentary halves of the cartilaginous portion of the trachea. Trimmed in
this way, expiant cultures from these species had an approximately
equivalent epithelial surface area. Expiants were cultured according to
previously published methods (7). Cultures from hamster and rat con
sisted of two entire tracheas; those from rabbit and monkey had one of
the six trachÃ©aldivisions per expiant culture.

Experimental Design. Expiants were incubated in a 95%/5% air/CO2
atmosphere at 37Â°C,in Dulbecco's minimal essential medium, contain
ing 0.5 /IM [I4C]-AFB, (approximately 0.07 uC\, in 12 u\ ethanol), for

selected intervals up to 24 h. Control cultures received 12 ^1 of ethanol.
Replicate cultures were performed for each species at each time point.
At the indicated time points, expiants were removed from culture and
rinsed in phosphate-buffered saline, and the medium was frozen and
stored at -80Â°Cfor later HPLC analysis for AFB, metabolites. A cross-

section the width of one cartilage ring was removed and fixed for
morphological evaluation in modified Karnovsky's fixative. The re-
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Fig. 1. Time dependency of DNA binding in trachÃ©alexplants derived from
rabbit, hamster, rat, and monkey, incubated with 0.5 UMAFB,.

methacrylate sections in Ilford 4 emulsion diluted 1:1 with water.
Coated slides were incubated at 10Â°Cfor 30 days and developed in

sodium thiosulfate, as previously described (16). The relative grain
density overlying different epithelial cell types was determined by a
differential grain count in conjunction with a morphometric determi
nation of relative cell volume density, according to the method of
Salpeter and McHenry (17). Sections were quantitated at x 1000 on a
light microscope with a 48-point ocular grid. Counts of autoradi-
ographic grains and grid points overlying specific cell types were made
for the length of the epithelium on the section. Grain density was
expressed as:

Density = Gâ€žu/Pâ€žn

and relative volume densities of cell types were expressed as:

RABBIT
HAMSTER

GSH DIOL AFP-| AFL

Fig. 2. Profile of AFB, metabolism by trachÃ©alexpiants from rabbit, hamster,
rat, and monkey. AFB, metabolites were isolated from media from the 24-h
cultures. % DPM, percentage of total 14Cactivity eluted from the HPLC column.

Bars, means (Â±SE)of triplicate cultures. Bars with different superscripts within
a metabolite group are significantly different from one another (P Â«0.05). GSH,
glutathione: DIOL, AFB,-dihydrodiol; BÂ¡.,aflatoxin B2l; AFQ,, aflatoxin Q,;
AFM,, aflatoxin M,; AFP,, aflatoxin P,; AFL, aflatoxicol.

maining tissue was placed in saline and frozen with liquid nitrogen for
later DNA binding assays.

Analysis of DNA Binding. The extent of total binding of AFB, to
trachea! DNA was quantitated according to previously published meth
ods (7).

Analysis of AFBi Metabolites. AFB, metabolites were determined by
HPLC analysis as described by Monroe and Eaton (14). Briefly, culture
medium was made 50% in methanol and protein was allowed to
precipitate overnight at 0Â°C,after which time the mixture was centri-

fuged at 1000 x g for 5 min. The supernatant (200 /J) was then injected
into a Varian model 5000 liquid Chromatograph with a 150- x 4.6-mm,
5-ptn, Econosphere C-18 reverse phase column (Alltech, Deerfield, IL)
maintained at 40Â°Cand with a flow rate of 1.5 ml/min. The ternary
gradient program as described (14) was modified for our binary, three-
reservoir system: solvent A, 60% H2O, 2% tetrahydrofuran, and 38%
methanol; solvent B, 76% H2O, 22.4% methanol, and 1.6% tetrahydro
furan; and solvent C, 89.77% H2O, 9.5% methanol, 0.5% tetrahydro
furan, and 0.23% acetic acid, pH to 3.5 with 6% NH..OH. Starting
conditions were 100% solvent C. At 0.5 min the solvent gradient began,
reached 100% solvent B at 2 min, remained there until 13 min, and
then reached 100% solvent A at 16 min. Metabolites were coeluted
with known standards and quantitated by collecting and counting 0.5-
ml fractions. Elution of metabolites was monitored at 345 nm with a
Vari-Chrom UV detector. A Chromatographie standard of the AFB,-
glutathione conjugate was generously provided by Dr. David L. Eaton,
University of Washington. The AFB,-dihydrodiol standard was made
by reacting AFB, with m-chloroperoxybenzoic acid, as described by
Garner (15).

Morphological Methods. Sections of expiants were dehydrated in a
graded series of alcohols and embedded in glycol-methacrylate for
autoradiography or in epon-aryldite for transmission electron micros
copy. Autoradiographs were prepared by dipping unstained l Â¿IMglycol-

where Gceiiis the total grains counted overlying that cell type, Pc,Â¡Â¡is
the total grid points overlying that cell, and Vccnis the volume density
ofthat cell in the epithelium as a whole (Koui).

For electron microscopy, regions of epithelium with good cross-
sectional orientation were selected from l-/Â¿mlight microscopic sections
and re-embedded for thin sectioning. Thin sections of epithelium were
mounted on Formvar-coated slotted grids and a montage of micro
graphs of 200-300 epithelial cells was then constructed. A differential
cell count for these montages was made by identifying cell types by
previously published criteria (18) and further characterizing cells as
normal, degenerate, or necrotic. Cells classified as degenerate had
increased cytoplasmic lucency, dilated endoplasmic reticulum, swollen
mitochondria, and large cytoplasmic autophagosomes but retained
intact membranes and nuclei. Cells defined as necrotic had markedly
electron-dense cytoplasm, fragmented cytoplasmic membranes, and
shrunken, condensed, or fragmented nuclei.

Statistical Analyses. Where appropriate, analysis of variance with a
post hoc Fisher's least significant difference test was used to compare

experimental data.

RESULTS

DNA Binding. Expiants from all four species activated AFBi
to intermediates which bind to trachea! DNA (Fig. 1). At each
time point, binding of AFBi to purified nuclear DNA in cultures
from the rabbit was significantly greater than that from any
other species. Expiants derived from rat and monkey were both
significantly less active in forming adducts, relative to those
from the hamster. In all cases, adduct levels reached a plateau
at 12 h in culture.

AFBi Metabolism. HPLC analysis of media from the 24-h
airway cultures revealed significant differences between species
with respect to conversion of AFB, to stable metabolites (Fig.
2). Cultures from the rabbit and hamster were generally more
active in the metabolic conversion of AFBi than those from the
monkey and rat. In the rabbit, conjugation with glutathione
appears to be a major route of AFB , detoxication, compared to
hamster, rat, and monkey airways. The AFB,-dihydrodiol,
which is a product of the spontaneous or enzymatic (via epoxide
hydrolase) hydrolysis of the AFB,-2,3-epoxide (19), was formed
in significant amounts in the hamster airway cultures, with
lesser amounts in cultures derived from the rabbit, rat, and
monkey. Rabbit cultures produced significantly more aflatoxi
col and aflatoxin B2athan cultures from other species. Aflatoxin
Qi, which is a detoxified AFBi metabolite, was formed in
considerable amounts in cultures from monkey airways.

Ultrastructural Morphology. The morphological appearance
of the epithelium of control expiants after 24 h in culture was
similar to published descriptions of respiratory epithelium in
these species (13). Over the 24-h time period, only small alter-
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ACTION OF AFB, IN AIRWAY EPITHELIUM

Fig. 3. Overview of ultrastructural appearance of epithelium in trachÃ©alexpiants from rabbit (A), hamster (B), monkey (C), and rat (D), incubated with 0.5 UM
AFB, for 24 h (x 1172). Nonciliated cells are virtually absent from rabbit cultures and there are numerous autophagosomes in ciliated cells. Occasional clumps of
necrotic nonciliated cell debris remain. Degenerate and necrotic noncitiated cells are evident in hamster epithelium, while nonciliated cells in the rat and monkey are
unaffected.

ations in morphology occurred in the control cultures. These
included an increase in thickness and more evident pseudostra-

tification of epithelium in cultured epithelia and mild increases
in small membrane-bound vesicles in the apex of epithelial

cells, particularly ciliated cells. In the expiants derived from the
monkey, goblet cells had lesser numbers of secretory granules,
Smooth endoplasmic reticulum was evident in the apex of

nonciliated cells from control expiant cultures of both the rabbit
and hamster.

When cultured in the presence of 0.5 UM AFB,, marked
degenerative changes in the epithelium of both the rabbit and
hamster were observed (Fig. 3, A and B). Morphological
changes in the rabbit expiants were the most severe, relative to
those of the other species examined in this study, and were in
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ACTION OF AFB, IN AIRWAY EPITHELIUM

Fig. 4. Microautoradiographs of trachea! epithelium in trachÃ©alexpiants from rabbit (A), hamster (B), monkey (C), and rat (D), incubated with 0.5 pM >4C-labeled
AFB, for 12 h (x 1640). High grain densities are present over necrotic and degenerate nonciliated cells in rabbit and hamster, while a more random distribution of
grains is seen in the rat. Grain densities over monkey trachea! epithelium are no greater than background.

agreement with previous observations (7). In this species, selec
tive necrosis of nonciliated cells was evident as early as 4 h in
culture. By 24 h, nonciliated cells were either necrotic or had
sloughed and ciliated cells had undergone degenerative changes
(Fig. 3A). Hamster expiants treated with AFB, also showed
selective degeneration and necrosis of nonciliated cells, similar
to our previous studies (6), but changes were markedly less
severe than those in rabbit expiants. No treatment-associated
ultrastructural changes were evident in cultures from monkey
and rat (Fig. 3, C and D).

Autoradiographic Localization. Quantitation of autoradi-
ographic grain localization was performed on samples from 12-
h explant cultures (Fig. 4; Table 1). Grain densities were great
est in expiants from rabbit tracheas, with lesser densities evident
in the hamster and rat and no significant increase over back
ground densities in the monkey. In expiants from both the
rabbit and hamster, there was a qualitatively greater binding of
AFBi or its metabolites in the nonciliated secretory cells, rela
tive to that in the ciliated cells (Fig. 4, A and B). There was an
even greater accumulation of AFBi in necrotic cells in both of
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ACTION OF AFB, IN AIRWAY EPITHELIUM

Table I Volume density of cells (Vi%) and autoradiographic grain density
(grains/p) ofl>4C]AFBt in epithelium from trachÃ©alexpiants incubated for 12 h

with 0.5 lÃMAFB,
Grain densities greater than 0.25 were above the 95% confidence levels for

background. Differences in grain density between species and cell types were
significant by analysis of variance and there was a significant interactive effect of
species and cell types (P < 0.05).

CiliatedcellsSpeciesRabbit

Hamster
Rat
MonkeyVv(%)'47

41
2955Grains/p*2.9

1.3
2.50.2Nonciliated

cellsVv(%)47

57
71
45Grains/p6.5

2.3
2.0
0.2Necrotic

cellsVv(%)62

0
0Grains/p15.6

4.2
0
0

" Vv, cellular volume density; Grains/p, autoradiographic grains per grid point.

See Materials and Methods.

Table 2 Changes of relative population densities of secretor)' cells in trachÃ©al
explants from four mammalian species

Cultures were incubated for various time intervals in the presence of 0.5 /u\i
All),. Values are percentage of total epithelial cells identified in montages of
electron micrographs and represent the average of counts from three expiants
each.

Population density (%)

Control 0.5 h l h 4h 12h 24h

RabbitNormalNecroticHamsterNormalNecroticMonkeyNormalNecroticRatNormalNecrotic290450310470330531ND*05103915403004303435412705702314*41g350590yT36"10"490400

Â°Significantly different (P < 0.05) from control values.
* ND, not done.

these species. In the rat, there appeared to be no such prefer
ential accumulation of AFBi, since grain density was evenly
distributed over ciliated and nonciliated cells in these expiants
(Fig. 4Z>).

Quantitative Microscopy. When the relative cell population
densities in cultures from each species were compared over time
(Table 2), it is clear that, at least in the rabbit and hamster
expiant cultures, the nonciliated secretory cells were the target
for the action of AFB,. In the rabbit, the proportion of the
nonciliated cell population decreased to a point which was
significantly less than that of the control expiants by 12 h. At
24 h in culture, these cells were largely absent. Significant
numbers of degenerate and necrotic nonciliated cells were evi
dent by 4 h and were an increasing proportion of the epithelium
through the remainder of the experiment. Similarly, there was
a trend towards a decreased nonciliated cell population, and an
increasing proportion of degenerate nonciliated cells appeared
with time in culture in the hamster expiants. No significant
changes in population densities occurred in either the rat or the
monkey expiants at any time point up to 24 h. In all cases,
there were no changes in population profiles in control cultures
during this time interval. During the course of the experiment,
light microscopic examinations of control cultures from all
species revealed apparently viable cultures with functional beat
ing cilia.

DISCUSSION

While AFBi is a potent animal hepatocarcinogen, some evi
dence indicates that it is carcinogenic in extrahepatic tissues.

AFB, is widespread in airborne respirable grain dusts in con
centrations often exceeding those commonly found in contam
inated foods (3). The daily exposure to AFB, of workers in
volved in grain processing and transportation operations can
be as high as 850 ng (2). Some epidemiolÃ³gica! evidence indi
cates that respirable airborne grain dusts contaminijjed with
AFB, are a risk factor for upper airway carcinogenesis (4, 5).

In this study, we wished to determine if the potential suscep
tibility to the in vitro action of AFB, relates to the cellular
profiles of airway epithelium. To test this, we chose to use
cultures from four species with significantly varying airway
morphologies with respect to the numbers of the SER-rich, and
presumed metabolically active, nonciliated secretory cells. The
use of intact trachea! epithelium also offers the advantage of
allowing the assessment of metabolism, DNA binding, and
ultrastructural effects in target cells within the context of sur
rounding cell types. The results of this study demonstrate a
qualitative relationship between the presence of SER-rich non-
ciliated secretory cells in mammalian upper airway epithelium
and the action of AFB, in these tissues. Airway cultures from
the two species with higher amounts of SER in nonciliated
cells, the rabbit and hamster, exhibited a significantly greater
metabolic activity toward AFB,, as evidenced by the extent of
formation of AFB,-DNA adducts, oxidative metabolism, and
ultrastructural toxic effects in target cells relative to airway
cultures derived from species in which nonciliated cell popula
tions have little SER (such as rat and monkey). In general,
cultures derived from these two latter species were relatively
inactive with respect to these endpoints, although monkey
airways produced a considerable amount of the detoxified me
tabolite aflatoxin Q,. Interestingly, this is the major in vitro
AFB, metabolite produced by hepatic microsomes from the
same species (19).

It is important to note that, although our results as well as
earlier anatomical surveys (18) show that rabbit trachea! epi
thelium contains a smaller population of nonciliated cells than
that in the hamster (18 versus 41%, respectively), cultures from
rabbit airways appeared to be more metabolically active and
were significantly more susceptible to the cytotoxic action of
AFB,, compared to those from the hamster. This observation
is supported by the greater formation of AFB,-DNA adducts in
whole trachea, the significantly greater conversion of AFB, to
the highly toxic metabolite aflatoxicol, and the greater autora
diographic binding of label in the nonciliated cells in cultures
from this species. It is likely that the rabbit nonciliated cell has
greater activities of cytochromes P-450 responsible for activat
ing AFB,. It is clear, however, that the presence of metabolically
competent cells (namely, nonciliated trachÃ©alepithelial cells) is
only a qualitative determinant for predicting the ability of upper
airway tissue to metabolize carcinogens.

The in vitro exposure of airway tissues to micromolar con
centrations of AFB, can be viewed as an environmentally rele
vant model, especially in light of the fact that airway cells may
be directly exposed to concentrations of AFB, in grain dusts in
the parts per thousand range (3). The morphological and au
toradiographic data suggest that the manifestations of the for
mation of reactive intermediates responsible for cytotoxicity
and macromolecular binding are most evident in cells where
activation occurred. The significant but later and less extensive
injury in ciliated cells seen in the rabbit expiants implies that
diffusion of reactive intermediates from adjacent nonciliated
cells occurred or, alternatively, that there is a greater activity
of detoxification mechanisms in ciliated cells.

The association between the binding of AFB, to nuclear DNA
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and cytotoxicity in susceptible species has important implica
tions for the potential of AFB, as a respiratory carcinogen.
Carcinogenesis studies in other organ systems show a strong
association between tumor incidence and a combination of
adduci formation and cytotoxicity (20). Importantly, in some
studies it has been noted that cell division and repair of epithe
lial injury are more active in the airways of species which have
significant amounts of SER in their nonciliated cells (21, 22).
The role of repair and regeneration in the pathogenesis of AFBi
in the upper airways awaits investigation.

Although a detailed study of the upper airway morphology
of the human has yet to be performed, the airways of monkeys
resemble those of humans with respect to the cell types present
(18, 23). We are currently investigating the metabolism and
cellular action of AFBi in human airway cultures, to enable
more accurate comparisons. In any event, the association of
differences in a species' ability to metabolize carcinogens, in

this and other studies (8), with the relative extent of cell injury
and tissue and nucleic acid binding illustrates the importance
of species selection in designing and interpreting studies in
pulmonary carcinogenesis.
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