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Abstract—Ring-labelled ['*CJaflatoxin B, (AFB,), prepared by biosynthesis, or generally labelled
{*H]JAFB, was administered by oral gavage to young adult male rats. After 6 hr, the liver was removed
and two fractions were isolated, namely macromolecules, which contained about 37; of the initial dose of
AFB, radioactivity. and water-soluble, low-molecular aflatoxin conjugates containing about 0-2’; of the
administered radioactivity. These two [ractions were administered orally to other rats in order to
determine the potential of radioactive aflatoxin residues for covalent binding to DNA. Such binding can
be used as an indicator for carcinogenic potency. Liver DNA was isolated 9-12 hr after administration
of the aflatoxin derivatives and in no case was any radioactivity detected on the DNA. It can be deduced
on the basis of the limit of detection of radioactivity on the DNA, that macromolecule-bound AFB,
derivatives are at Jeast 4000 times less active than AFB, with respect to covalent binding to rat-liver DNA,
and that the water-soluble conjugates are at least 100 times less potent than AFB, itself. It is concluded
that the carcinogenic risk for humans who consume liver or meat containing such aflatoxin residues is
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negligible when compared with the risk from intake of aflatoxins in other food items.

INTRODUCTION

Aflatoxins are among the strongest hepatocarcino-
gens. Their mode of carcinogenic action is probably
based upon a covalent binding of metabolites to bio-
logical macromolecules, and there is increasing evi-
dence that DNA is the most critical target.

Although interaction with DNA appears to be the
most important factor in tumour initiation, binding to
protein and RNA occurs more frequently. A few
hours after administration of a single dose of aflatoxin
B, (AFB,) to a rat, less than 10°, of the total macro-
molecule-bound metabolites is on the DNA, the rest
being bound to RNA and to protein (Garner &
Wright, 1975). The preceding paper (Liithy, Zweifel &
Schlatter, 1980) showed that the total macromolecule-
bound radioactivity in the liver 24 hr after administra-
tion of a single dose of AFB, to a pig represented
more than 10%, of the dose. About 1%, of the dose was
accounted for by water-soluble, low-molecular-weight
aflatoxin metabolites, probably conjugates with glu-
curonic acid, sulphate or glutathione, and only traces
of lipophilic metabolites could be detected.

Since aflatoxins are regular contaminants of
groundnut cake used in animal nutrition. aflatoxin
residues (including macromolecule-bound aflatoxins
and low-molecular conjugates) may be present in
foods of animal origin (Purchase, 1972) and may be
taken up by humans who consume the livers of these
animals. It is possible that aflatoxin metabolites are
cleaved from the macromolecules or from the conju-
gating agent during the process of digestion and are
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absorbed from the human intestine. No study is avail-
able on the carcinogenicity of such aflatoxin deriva-
tives because a long-term carcinogenicity experiment
would require considerable effort in the isolation of
these derivatives from the livers of aflatoxin-treated
animals and their subsequent feeding to other groups
of animals.

In this report, the carcinogenicity of
macromolecule-bound aflatoxin metabolites and of
aflatoxin conjugates is estimated on the basis of a
short-term system. DNA binding of carcinogens has
been shown to be a useful quantitative measure for
the carcinogenic potency of genotoxic compounds
(Lutz, 1979), the binding potency being expressed by
the so-called ‘covalent binding index’ (CBI), which
shows how many molecules of a chemical are bound
covalently per 10 DNA nucleotides after the admin-
istration of a single dose of 1| mmol/kg body weight.
For rat-liver DNA, it was shown that the CBI is of
the order of thousands with strong hepatocarcino-
gens, hundreds with moderate hepatocarcinogens and
tens with weak carcinogens. This quantitative
approach is especially suitable for a comparison of
structurally related compounds, such as aflatoxins
and their macromolecule-bound or conjugated
metabolites.

We have therefore administered AFB, labelled with
14C or *H to rats by gavage, isolated the macromol-
ecules and the water-soluble conjugates of AFB, from
the liver and administered these fractions orally to
other rats for a determination of incorporation of
radioactivity into the liver DNA of the second group
of rats.

EXPERIMENTAL

Materials and general methods. ['*C)AFB, was pre-
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pared from sodium [1-'*CJacetate using Aspergillus
parasiticus ATCC 1551, as outlined by Hsieh &
Mateles (1971) and described by Liithy et al. (1980).
[*H]JAFB,, obtained from Moravek Biochemicals,
City of Industry, CA, USA, was specified by the dis-
tributor to have a specific activity of 20 Ci/mmol and
a radiochemical purity of 98% as determined by thin-
layer chromatography on silica gel G with
chloroform-acetone, 9:1 (v/v). In aqueous media,
however, we found that the tritium label was easily
exchanged; 24 hr in an aqueous buffer at neutral pH
resulted in a 15% loss of the label, and 379, was lost
within 4 days. Because of this rapid exchange, our
AFB, dose to the rat contained 509 of the tritium as
tritiated water (HTO), so that it was necessary to per-
form the control experiment described below.

Animals and treatment. Young adult male rats
[ZUR:SIV-Z] were used throughout. The aflatoxins
were administered in 109 aquebus ethanol by
stomach tube. The aflatoxin metabolites isolated from
the livers of the sponsor rats were administered by
stomach tube in the solvents indicated below. The
animals were killed by open-heart puncture under
ether anaesthesia.

Isolation of water-soluble aflatoxin metabolites from
rat liver. Liver was homogenized in 3 vols water in a
Waring Blender for four periods of 30sec at high
speed. After centrifuging for 1 hr at 12,000 g, the pellet
was washed with 6 ml water and centrifuged again,
the two supernatants being combined after filtration
through paper. In order to separate the low-molecular
conjugates from the macromolecule-bound metab-
olites the supernatant was dialysed three times at 4°C
against 150 ml water.

The high-molecular content of the dialysis bag was
extracted with methylene chloride and centrifuged for
30 min at 12,000g (three times), and the aqueous
phase, together with the glutinous layer, was lyophil-
ized. The residue was taken up in 20 ml water and
lyophilized again, and this procedure was repeated
twice in order to make sure that all exchangeable
label was removed. The residue was ground up and
suspended in 5 ml 0-59%, methylcellulose.

The first dialysate was extracted three times with

50 ml methylene chloride and the aqueous phase was
lyophilized as described above. The residue was taken
up in 5 ml water and passed through a paper filter.

Isolation of DN A. DNA was isolated from the liver
according to Markov & Ivanov (1974) with the modi-
fications as described (Viviani & Lutz, 1978). DNA
was dissolved in 0014 M-sodium phosphate buffer,
pH 68, and counted after the addition of 10 ml Insta-
Gel (Packard Instruments, Downers Grove, IL, USA)
in a liquid scintillation counter (Betaszint 5000,
Laboratorium Prof. Dr. Berthold, Wildbad, Federal
Republic of Germany). The limit of detection of
radioactivity is given by the total variability of the
background samples, and one standard deviation
(SD) was determined to be 0-7 cpm. A limit of detec-
tion of 1-5dpm (2 SD) was therefore adopted for the
14C experiments and 3 dpm for the tritium label.

Experiment on ['"*C]AFB,. Two 280-g male rats
were each given orally a dose of 3-6 x 107 dpm
(320 ug) ['*C]AFB, /kg. After 6 hr, the high-molecular
fraction was isolated from the combined livers as de-
scribed above and administered in three portions of
about 5:5 ml at hourly intervals to another rat, which
was killed 10 hr after receiving the last portion, for
isolation of its liver DNA. Numerical details are
presented in Table 1.

Experiment on [*H)AFB,. A 288-g male rat received
by oral gavage 9 x 10®dpm (12 pug) [*H]AFB,/kg,
together with 1.2 x 10°dpm tritiated  water
contaminant/kg. After 6 hr, the aflatoxin metabolites
were isolated from the liver as described above, and
the high-molecular derivatives were administered to
one rat and the low-molecular metabolites to another
rat. Liver DNA was isolated from these rats after 9 hr.
Numerical details are given in Table 2.

Control experiment with tritiated water, HTO. One

290-g rat received by oral gavage 42 x 10°dpm .

HTO/kg. After 6 hr, the macromolecules were isolated
from the liver as described above and administered to
another (330-g) rat (53 x 10* dpm/kg), from which
16-7 mg liver DNA was isolated after 9 hr. The gross
radioactivity (22-7 cpm, 540 min counting time) was
not significantly different from that of the control
DNA (22'5 cpm).

Table 1. Binding of macromolecule-bound ['* Claflatoxin B, to rat-liver DNA 10 hr after
its oral administration

Control Treated
Parameter rat rat
Body weight (g) 221 228
Radioactivity administered (dpm/kg) 0 36 x 10°
Liver DNA
Amount in scintillation vial (mg) 1-69 162
Gross activity (cpm; 240-min count) 23-6 229
Specific activity of DNA (dpm/mg)* <09
DNA binding (dpm/mg DNA) per dose (dpm/kg)
<26 x 1077
Covalent binding index (CBI)t — <80t

*Based on 1-5dpm as limit of detection.

+CBI = (umol chemical bound per mol DNA phosphate)/(mmol chemical adminis-

tered per kg body weight).

1CBI determined for aflatoxin B, under similar experimental conditions was 10,000
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Table 2. Binding of macromolecule-bound [* H)aflatoxin By and water-soluble [ H)aflatoxin conjugates
to rat-liver DN A 9 hr after their oral administration

Control Macromol.-bound

Rat treated with

Water-soluble

Parameter rat aflatoxin conjugates

Body weight (g) 310 - 320 415
Radioactivity administered (dpm/kg) 0 28 x 107 83 x 10°
Liver DNA

Amount in scintillation vial (mg) 119 146 11-4

Gross activity (cpm; 200-min count) 22:5 228 224

Specific activity of DNA (dpm/mg)* — <021 <026
DNA binding (dpm/mg DNA) per dose (dpm/kg)

— <74 x107° <32 x 1077

Covalent binding index (CBI)t — <23t <981 i

*Based on 3 dpm as limit of detection.

+CBI = (umol chemical bound per mol DNA phosphate)/(mmol chemical administered per kg body

weight).

$CBI determined for aflatoxin B, under similar experimental conditions was 10.000.

RESULTS

The fraction of aflatoxin radioactivity recovered
from the rat liver 6 hr after a single dose of AFB, was
found to be 9% in the experiment with the '*C-label
and 7% with the *H-label. Of this total radioactivity,
40% (**C-label) and 46% (*H-label) was bound to
macromolecules, 2% (*H-label) was recovered in the
low-molecular fraction. The fraction of macromole-
cule-bound aflatoxin metabolites is of the same order
as that found in the pig (Liithy et al. 1980), and is in

good agreement with earlier studies in the rat

{Wogan, Edwards & Shank, 1967).

Tables 1 and 2 give data on the binding experi-
ments and show that in no case was any radioactivity
detectable on the liver DNA of the rats given the
radiolabelled aflatoxin derivatives isolated from the
livers of the sponsor rats. The lowest corresponding
value for the CBI is easily calculated from these data
if the limit of detection of radioactivity (15 dpm for
14C, 3dpm for tritium) is divided by the amount of
DNA isolated and by the dose of radioactivity admin-
istered to the animal. ’

Macromolecule-bound aflatoxin derivatives

With the '“C-label (Table 1), the limit of detection
of binding of macromolecule-bound aflatoxin metab-
olites to rat liver DNA was found to be 80 in the CBI
units (umol chemical bound/mol nucleotides)/(mmol
chemical administered/kg body weight). With the
3H.label (Table 2), a larger amount of radioactivity
was available so that a value of 2-3 resulted for the
highest possible CBI for rat liver DNA. This figure is
more than 4000 times below the CBI of AFB, itself.

Low-molecular aflatoxin conjugates

Only one experiment, with the tritium label
(Table 2), was performed with this minor fraction iso-
lated from the liver of a rat that had received AFB,.
The radioactivity that could have been expected from
an experiment with '*C would have been too low for
a DNA binding experiment with a second rat. The
limit of detection of a CBI of less than 100 shows that
this fraction of the aflatoxin residues in rat liver is
more than 100 times less active than AFB, itself with
respect to DNA binding in the rat liver.

HTO control

Because of the contamination of the [*H]AFB,
with tritiated water a check was made on the extent
to which HTO was incorporated into the macromol-
ecular fraction used in the main experiment. The
amount of tritium administered was about twice as
much as that given in the [*HJAFB, experiment, but
only about 0-001% of the radioactivity administered
was recovered on the macromolecules. Administra-
tion of this total macromolecular fraction to a second
rat resulted in no detectable radioactivity on the fiver
DNA. These results show that the high- percentage of
HTO in the original *H-AFB, dose did not affect the
interpretation of the results. _

There is a possibility that macromolecule-bound
aflatoxin metabolites lose their label during the isola-
tion procedure and during the time between the ad-
ministration of the radioactivity and its measurement
on the DNA. A lack of any radioactivity on the DNA
could then be due partly to a loss of the label. This
possibility can be excluded, hqwever, since it was
shown by the repeated lyophilization steps, carried
out at daily intervals, that less than 1% of the radioac-
tivity on the macromolecule-bound aflatoxin metab-
olites was exchanged within 1 day:

DISCUSSION

CBIs for aflatoxins have so far been determined
with AFB, by Campbell, Hayes & Newberne (1978),
Croy, Essigmann, Reinhold & Wogan (1978), Gamer
& Wright (1975), Preston, Hayes & Campbell (1976)
and Swenson, Lin, Miller & Miller (1977) and also in
this laboratory (Lutz, 1979), figures between 10,000
and 30,000 having been reported for rat-liver DNA:
AFB, has been investigated by Swenson et al. (1977),
AFM, by Lutz (1979) and AFG, by Garner, Martin,
Smith, Coles & Tolson (1979). The CBI of these three
aflatoxins ranged between 500 and 4000 so that a
good quantitative correlation with the observed car-
cinogenicity from long-term experiments was estab-
lished. Some early experiments with AFB, and AFG,,
based upon tritiated aflatoxins, were performed by

‘Lijinsky, Lee & Gallagher (1970), who obtained a CBI

for AFB, much lower than those found in all the
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other laboratories, possibly as a result of using an
unstable tritium label.

Our results with aflatoxin residues isolated from rat
liver reveal that neither macromolecule-bound metab-
olites nor low-molecular conjugates exhibit any
DNA-binding ability. Macromolecule-bound AFB,
residues could be at the worst 4000 times less hepato-
carcinogenic than AFB, itself, while the conjugates
are at least 100 times less active than AFB, with re-
spect to covalent binding to rat-liver DNA.

A CBI describes the DNA damage to be expected
after the administration of a unit dose. If the real
amount of DNA-bound chemical from a specific dose
has to be assessed, the actual dose has also to be
taken into account. As a first approximation, a muiti-
plication of the CBI with the dose might be per-
formed, although this is only a valid procedure if a
linear dose-binding relationship has been demon-
strated over the complete dose range in question.

The actual exposure of humans to aflatoxin resi-
dues from pork liver can be estimated on the basis of
the metabolism data presented by Liithy er al. (1980),
following the making of appropriate assumptions on
the contamination of the pig diet with aflatoxins. It
can then be deduced that pork liver in Switzerland
contains less than 01 ppm macromolecule-bound
aflatoxin metabolites, while the amount of water-
soluble aflatoxin conjugates will be much lower even
than that. In muscle, the main edible tissue, levels of
both types of residue are again lower by several
orders of magnitude.

If such low exposure is taken into account in
assessing the carcinogenic risk of a population con-
suming pork liver or meat, the risk must be con-
sidered negligible when compared with that from the
direct intake of aflatoxins from nuts, milk and other
sources.
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