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SUM MARY
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metabolism-dependent and independent binding to rat hepatic microsomes. Mol.
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The NADPH-mediated metabolism of aflatoxin B1 by rat hepatic microsomes was studied
by means of difference spectroscopy. A decrease in absonbance at 360 nm, due to the dis-

appearance of aflatoxin B1 during its metabolism, was caused by the formation of a metab-
ohite having a spectral 1)�ak at 398 nm. From the solubility, spectral, and microsomal bind-
ing characteristics, this metabolite appears to be aflatoxin B25 (aflatoxin hemiacetal). Dif-

fenence spectroscopic studies on microsomes reisolated from incubation mixtures containing
aflatoxin B1 with or without NADPH showed that aflatoxin B1 was bound to microsomes,
giving a complex having a spectral peak at 360 nm ; this binding did not require NADPH

and the complex could be separated by gel filtration chromatography. A metabohite of
aflatoxin B1, the formation of which was NADPH-dependent, was bound to microsomes,
yielding a complex having a spectral peak at 405 nm ; this complex was not dissociated by
gel chromatography on by treatment with tnichloracetic acid or extraction with chloroform
and acetone. SKF 525-A and L-cysteine inhibited the formation of this complex, the for-
mer by inhibiting the metabolic conversion of aflatoxin B1 to aflatoxin B2� and the latter

by blocking the binding of the metabolite to microsomes. Aflatoxin B1 and aflatoxin B2,,
appeared to bind to different sites on the microsomes. A change in pH caused an alteration
in the structure of aflatoxin B2,, and its extraction with chloroform. pH equilibria for this

phenomenon were estimated to be 3.00 and 7.35. Based on these studies, it is proposed that
aflatoxin B25, under alkaline conditions, cleaves to yield a dialdehyde derivative(s) which

binds to microsomes, forming Schiff bases with free amino groups. These studies also indi-

cate that, under certain conditions, rat hepatic microsome-mediated conversion of afla-
toxin B1 to a water-soluble metabohite, which appears to be aflatoxin B25, represents a
major metabolic pathway.

INTRODUCTION and hepatocarcinogenic agent in a number

Aflatoxin B1, produced by some strains of of animal species (1, 2). In spite of the cx-

Aspergillus fiavus, is a potent hepatotoxic tensive literature on aflatoxins since 1960,

This work was conducted at Roswell Park preparation, and/or purification of labeled afla-
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FIG. 1. Structural formulae of aflatoxin B1 and aflaloxin B�, (B2� , afialoxin hemiacetal) and partial

structure of NADPH- and hepatic microsome-mediated metabo!ite, aflatoxin M, (M,).

The presumed partial structure of demethylated aflatoxizi B, (1)e-CH3-Bi , also called aflatoxin P1)

is also shown, as are cleavage products of aflatoxin B2a . H and H’ denote unchanged portions of the

aflatoxin B1 molecule. This scheme has been adapted after Patterson and Roberts (14) and Pohland

eta!. (18).

when they were first discovered (3), the
metabolic fate of even the most potent of all
aflatoxins, aflatoxin B1, is still incompletely
understood. Various reports (4-10) regarding
the biotransformation of aflatoxin B1 in

different animal species are not in complete

agreement. However, it is now generally
accepted that both in vivo on in vitro, in the
presence of hepatic microsomes and NADI�H,

aflatoxin B1 undergoes metabolic conversion

possibly by three different pathways (Fig.

1): (a) 4-hydroxylation to form aflatoxin

M1 (11-13), (b) Hydration of the C2-C�
double bond to form afiatoxin B2,, (11, 14),

and (c) demethylation, resulting in the for-

ination of aflatoxin P1 (7, 9, 15). The excre-

tioii of t he hvdn )xvlated derivatives, l)arti-
cularlv aflatoxin P1, is facilitated by
subsequent conj ugat ion with glucunonic acid
and sulfate (7, 15). Acute toxicity tests
showed aflatoxin M1 to he as toxic as its
parent compound, aflatoxin B1, whereas

aflatoxin B2,, has beeti found to be practically
innocuous (5, 16-19).

Since metabohites of various carcinogens

are known to bind to cellular components
(20), it is essential to know the nature of such
metabolites in order to obtain a reasonable

understanding of the possible consequences

arising from such binding. Wogan et al. (21)
reported that when ring-labeled [‘4Cjafla-
toxin B1 was injected into rats, the highest
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amount of radioactivity was incorporated

iIIt() liver, and eventually most of the radio-

activity was associated with the micro-
somal fraction. These findings and o�r earlier

observations c )ncerning t he binding of
aflatoxiii B1 metal)ohite to microsomes

prompted us to conduct the investigations
reported in this pa�wr (22, 23).

The metabolite binds to luicroSomes, forni-

ing a complex with a difference spectral

peak at 400 nm region (22, 23). We now re-
port on the properties of this biotransfonma-

tion pathway, the possible identification of

this metabolite, and its characteristics and
possible nature of its binding to microsomes.

MATERIALS ANI) METHOI)S

C/tern ‘icals. Chromat ographically pure afla-

toxin B1 was obtained from Calbiochem. The
purity of this compound was established by

the migration of a single spot. on repeated
thin-layer chromatography , using coated
silica gel thin-layer plates of 0.25-mm thick-
ness developed �vith chloroform-methanol
(95:5) and chloroform-acetone (80:20). Any

batch of aflatoxin which had more than a
single spot� on thin-layer chromatography
was repunified by the same process. Addi-

tional verification of the purity of the batch
was obtained by examination of the spec-

trum in methanol. Aflatoxin B1 was tnitiated
by New England Xuchear according to
Lijinsky el at. (24). The purification of [3Hj-

aflatoxin B1 was carried out by repeated

thin-layer chromatography, essentially ac-
cording to Hanna and Campbell (25). Within
a week before use [3H]aflatoxin B1 was re-
chromatographed, diluted with unlabeled
aflatoxin B1 in dimethyl sulfoxide, divided in
aliquots of 200 �sl, and stored at - 20#{176}.On
the day of the experiment [3H]aflatoxin B1 in
dimethyl sulfoxide was thawed just before
use, refrozen in a Dry Ice-acetone bath
immediately after being used, and then
stored at - 20#{176};this procedure was found to
prevent degradation, which was otherwise
significant during storage at room tempera-

ture or at 4#{176}.Ring-labeled [‘4Cjaflatoxin B1
was prepared essentially according to Adye

and Mateles (26); the labeled aflatoxin B1
was purified from the crude extract by thin-

layer chromatography by the method of

Hanna and Campbell (25). Aflatoxin B2,, and
F3Hjaflatoxin B2,, were prepared from afla-

toxin B1 and [3H]aflatoxin B1, respectively,
by the Ifl(�thOd of Giegler and Peterson (27),

as modified by Garner et al. (28) . This
method involved acid-catalyzed hydration of

aflatoxin B1. Aflatoxin B2,, was extracted
from the reaction mixture with chloroform,
the extracts were pooled, reduced in volume,

and purified using 0.25-mm-thick silica gel
plates (Merck, Danmstadt), developed with
chloroform-methanol (95 :5, v/v) . Aflatoxin

B2,,, visible as an intensely fluorescent band
near the baseline (R� 0.15), was eluted with
methanol and repunified by repeated thin-
layer chromatography. No aflatoxin B1 was
seen under these conditions. Aflatoxin B1,
when cochromatognaphed with aflatoxin B22,

moved behind the solvent front (R p 0.84)
under these conditions. Glass-redistilled

methanol was used in all operations. The
purity of aflatoxin B2,, was established by
thin-layer chromatography (28) and by in-
frared , ultraviolet, and visible spectroscopy
(27, 18, 14).

Aflatoxin B1, labeled and unlabeled, was
dissolved in dimethyl sulfoxide. Spectral
grade dimethyl sulfoxide, used for dissolving

aflatoxins and obtained from Aldrich Chem-

ical Company, was purified by fractional dis-
tillation. Three fractions were collected, and
the fraction containing dimethyl sulfoxide

free of any oxidation products, as verified by
infrared spectnoscopy, was used as the sol-
vent. Solutions of aflatoxin B1 in 200-/4l au-

quots were stoned frozen at - 20#{176},checked
for the stability of aflatoxin by thin-layer
chromatography and spectroscopy and used

within 1 week.
SKF 525-A’ was kindly provided as a gift

by Smith Kline & French. The sources of the

other chemicals were described previously
(22).

Preparation of m icrosomes. Hepatic micro-
somes were isolated from untreated or pheno-

barbital (sodium salt)-treated male Sprague-
Dawley rats (190-260 g). Treated rats
received phenobanbital intraperitoneally at a

dose of 40 mg/kg, given once on day 1 and

1 The abbreviations used are: SKF 525-A,

diet hylaminoethyl 2, 2-diphenylvalerate HC1;

AF131, aflatoxin B1; AFB2,, aflatoxin B2�.
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twice daily (8:00 a.m. and 4:30 p.m.) on
days 2-4. On day 5 at 1 :00 p.m. the animals
were killed, and their livers removed and

perfused with cold 0.9 ‘/� NaC1 until free of

blood ; each group consisted of four to six
livers, which were pooled and stored frozen

at - 20#{176}for 72-96 hr. On the day of assay

the microsomes were isolated as follows. The
livers were thawed at room temperature and
were homogenized in 3 volumes (1 g/3 ml)
of ice-cold sucrose (0.25 �i) containing 1 m�t
EDTA. The homogenate was centrifuged at

14,000 X g for 20 mm. The resulting super-

natant solution was centrifuged again for 10
mm to remove light mitochondnia and

smaller cell fragments, and the supernatant
fraction was centrifuged at 105,000 X g for

90 mm in a Beckman model L2-65B ultra-
centrifuge. The microsomal pellet was floated

off the glycogen pellet and resuspended in

0.1 M potassium phosphate buffer (pH 7.4)
by light homogenization. All operations
during the isolation of microsomes were
carried out at 0-4#{176}.Protein in the micro-
somal suspension was assayed by the method

of Lowry et at. (29). The functional integrity
of the microsomes and the inductive effect of
phenobarbital treatment of the animals was

verified in preliminary experiments by assay-
ing the microsomes for aminopynine de-
methylase (30) and cytochnome c reductase
activities (31) and the cytochrome P-450

and b5 contents (32). In general phenobar-

bital was found to induce aminopyrine de-
methylase and cytochnome c reductase ac-
tivities and to increase the content of

cvtochnome P-450 about 2-fold.
Treatment of microsornes in vitro. For

difference spectroscopic examinations, unless
otherwise stated, microsomes (2.75 mg/mI)
were incubated in potassium phosphate
buffer (0.07 �i, pH 7.4) at 37#{176}in a total

volume of 24 ml with various combinations
of aflatoxin B1, [3H]aflatoxin B1, aflatoxin
B25, [3Hlaflatoxin B2a, L-cysteine, gluta-
thione, and SKF 525-A in the presence or
absence of an NADPH-generating system
consisting of NAD1� (0.33 msI), DL-isocitnate

(8 mu), and Sigma type IV isocitrate de-

hydrogenase (10 �ig of protein pen milliliter;

specific activity, 5 units/mg of enzyme pro-

tein). In addition, incubation mixtures coti-

tamed \IgCl2 (5 imu) and MnCl2 (1 n�i).

MnCl2 was included to prevent changes in
the microsomal turbidity caused by lipid

peroxidation (33) ; this treatment does not

affect the metabolism of drugs (34). Before
the addition of microsomes, each incubation

mixture lacking aflatoxin was incubated for
10 mm to ensure the presence of an adequate
amount of NADPH (where the NADPH-
generating system was included) ; this was
followed by the addition of microsomes and
aflatoxin (in 50 �tl of dimethyl sulfoxide).
Incubations were carried out at 37#{176}for 40
mm. After incubation each mixture was

immediately cooled in ice and centrifuged at

105,000 X i/ for 2 hn, and the micnosomes
sedimented as a pellet.2

Microsomes were suspended in 0.02 �t

buffer (pH 7.4) by light homogenization and
recentrifuged at 105,000 X g for 2 hr. The
washed microsomes � collected following
centnifugation and suspended in 3 ml of 0.1

M potassium phosphate buffer (pH 7.4), and,
where indicated, a portion was passed
through a Sephadex G-25 column. Micro-

somal protein was determined before and
after Sephadex gel filtration.

Sephadex gel filtration . Microsomes neiso-
lated from incubation mixtures and sub-
sequently washed were suspended in 0.1 M

potassium phosphate buffer (pH 7.4), and a
portion of this suspension, equivalent to

approximately 25 mg of microsomal protein,

was adsorbed onto a Sephadex G-25 gel

column (1.5 X 20 cm) provided with an over-
head reservoir and a flow control valve
(Phanmacia). Microsomes were eluted from

the column with 0.02 �i potassium phosphate
buffer (pH 7.4) at a flow rate of 10-12 drops/
miii. Fractions 13-20 (1 ml each) of the
effluent were pooled; 90 ( of the microsomal

protein initially loaded onto the column was

2 In some cases microsomes sedimented as a

pellet over a very thin opaque film which con-

tained less than 3’� of the protein in the whole

pellet. Microsomes were carefully scraped off

from this underlying film in order to prevent any
interference with the spectroscopic examination.

This procedure did not in any way alter the re-
stilts, a.s whole microsomal pellets were used in

studies with labeled aflatoxins. This film is prob-

ably related to small amounts of glycogen which
must have been carried over.
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contained in these fractions. It was also
found that about SO % of the [‘4C]aflatoxin
B1 bound noncovalentlv to microsomes was
removed by Sephadex gel filtration. Micro-
somes reisolated from different incubations

were always chromatognaphed on the same
day under similar conditions. The results of
chromatography conducted in this way were

highly reproducible.
Difference spectroscopy. Two types of ma-

tenials were used for difference spectroscopic
examination : (a) incubation mixtures con-
taming microsomes from phenobarbital-
treated rats and :tii NADPH-generating sys-
tem (NADP, I)L-isocitrate, and isocitnate
dehydrogenase) in the presence and absence

of aflatoxin B1 and (b) reisolated micro-

Somes, i.e., microsomes which were incu-
bated under different experimental condi-

tions, reisolated, washed, and used before
and after Sephadex gel filtration. Difference
spectra were obtained using Cary models
14 and 15 dual-beam recording spectnopho-
tometers. Split cells (shown in Fig. 3), used
for obtaining some difference spectra, were

obtained from Pyrocell.
Difference spectra on reisolated micro-

somes were obtained with the microsomal

protein concentration adjusted in the sample
cuvette to within ± 8% of that in the refer-
ence cuvette, which contained micnosomes

at a concentration of 0.2 mg/ml; this ad-
justment of the microsomes in the sample

cuvette was necessary and was within the
variation noted in the determination of pro-
tein concentration. The spectra presented in
this paper are representative of two or more
experiments in each case. For quantification
and confirmation of the spectral data, studies
were conducted using [3H}aflatoxin B1 and

[3Hjaflatoxin B25.
Determination of radioactivity. One-milli-

liter aliquots of the microsomal suspensions

obtained before and after Sephadex gel
filtration, with protein adjusted to 2 mg/mi,
unless otherwise stated, were counted in

duplicate or triplicate in 10 ml of toluene-
based scintillator by a procedure reported
elsewhere (35). A Packard liquid scintillation

counter, model 3320, was used.

RESULTS

Metabolism of aft at oxin B1. A difference
spectrum of whole incubation mixtures (Fig.

o3min.
b’52min.
C ‘lOOmirt

..-.. d #{149}260mm.

350 400 450
WAIELENGTH-nm

FIG. 2. Difference spectra between two incubation

mixtures differing from each other by presence and

absence of aflatoxin B,

Cuvettes with 3.5-mi capacity and a 1-cm

light path were used. All incubation mixtures

were prepared in 0.1 M potassium phosphate

buffer, pH 7.4, containing MnCi2 (1 mM) and

MgC12 (5 mM). The sample cuvette contained

microsomes from phenobarbital-treated rats

(0.167 mg/ml), an NADPH-generating system

(NADP, 0.33 mM; DL-isOcitrate, 8 mM; isocitrate

dehydrogenase, 10 j�g of protein per milliliter),

and aflatoxin B1 (0.10 mM). The reference cuvette
contained all ingredients except aflatoxin B1.

Both cuvettes were incubated for 20 mm at 23#{176}

in the absence of microsomes and aflatoxin B1 in

order to ensure the presence of an adequate

amount of NADPH. Then the reaction, carried

out at 23#{176},was started with the addition of micro-

somes (equilibrated to 23#{176})followed by aflatoxin

B1 in dimethyl sulfoxide (10 psi) to the sample
cuvette alone, whereas an equivalent amount of
microsomes and solvent was added to the refer-

ence cuvette. Before the spectra were recorded
the contents of each cuvette were mixed by inver-

sion.

2) showed a time-dependent decrease in the

absorbance at 360 urn, associated with an

increase in the absonbance in the 400 urn

region. No change occurred in the initial

spectrum of aflatoxin B1 when NADPH3 or

microsomes were omitted, suggesting that

the decrease at 360 urn was due to the

Throughout these studies an NADPH-

generating system was used as the source of

NAI)PH. The two terms have been used inter-

changeably.
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FIG. 3. Difference spectra between an incubation
mixture metabolizing aflaloxin B1 and one not

metabolizing aflatoxin B,

Split cells were used; the light path length of

each compartment was 0.45 cm. All solutions were

prepared in 0.1 M potassium phosphate buffer,

pH 7.4, containing MnCl2 (1 mM). Both sample

and reference cuvettes contained mixtures of

identical composition : compartment A, micro-

somes from phenobarbital-treated rats (0.34 mg)

and aflatoxin B, (0.14 mM) in buffer in a total
volume of 1.20 ml; compartment B, an NAI)PH-

generating system (NADP, 0.40 mM; 1Th-iso-
citrate, 4.20 mM; isocitrate dehydrogenase, 17

pg of protein) in buffer in a total volume of 1.20
ml. Both cuvettes were incubated at 37#{176}for 10

mm to ensure the presence of an adequate amount

of NADPH before the start of the reaction in the
sample cuvette (S), which was done by mixing

the contents of compartments A and B by inver-
sion; no mixing was done in the reference cuvette
(R). Spectra were recorded at the indicated time
points, and at each time point sample cuvette
contents were mixed by inversion just before the

spectrum was recorded.

metabolism-related disappearance of afla-

toxin B1, and the increase at 400 nm, to the
formation of metabohte(s). From the de-

crease in absorbance at 360 nm and using an

#{128}�- i� of 21,800 at 360 urn for aflatoxin B1

(36), it can be calculated that 5.14 nmoles/

ml of aflatoxin B1 (14 #{182}�of the total) were
metabolized.

Difference spectra v�e�ne also obtained by
using an identical pain of split cells (Fig. 3).
A difference spectral peak with a maximum
at 398 urn appeared within 15 mm, and its
magnitude increased with time. This peak
was not seen when either NAD1�H, aflatoxin

B1, on microsornes were omitted from the
incubation. The compound responsible for
these spectral changes appears to be afla-

toxin B25, as suggested by spectroscopic
examination of aflatoxin B2,, and ethyl ace-
tate extracts of various incubation mixtures

obtained by a procedure to be described
later. 1’�urthenmore, the presence of aflatoxin

B2,, in these incubation mixtures was de-
tected I)y thin-layer chromatography (5, 10,
14).

Additional evidence in support of the

nietabolism of aflatoxin B1 was derived from

visual examination of the incubation mix-
tunes. During studies on the metabolism of
aflatoxin B1 the appearance of a peak at 398

iim in the difference spectrum coincided with
a yellow coloration in the incubation mix-
tune. This yellow color did not develop in the

absence of NADPH or the presence of SKF
525-A. On the other hand, incubation of
aflatoxin B21, with microsomes also led to the

development of a yellow color.
Binding of aflatoxin B1 ineW..bolite and afla-

toxin B2,, to hepatic in icrosomes. The results
reported in this and subsequent sections,

unless otherwise stated, were obtained not
with incubation mixtures hut with micro-

somes previously incubated with various

assay ingredients and then reisolated,
washed, and in some cases subjected to

Sephadex gel filtration.

When mmcrosomes are treated with afla-

toxin B1 in the absence of XADPH, aflatoxin

B1 per se hinds to microsornes, forming a

complex with a difference spectral peak at

360 nm. However, in the presence of

XAD1�H, both aflatoxin B1 and its metaho-
lite hind to microsomes, forming a complex

with two spectral peaks, one at 360 nm and

the other at 405 urn (Fig. 4). These results

are in agreement with an earlier report (22).

The spectral peak at 405 nm was also oh-
served with an aflatoxin B25-microsome

complex prepared by treating microsomes

with aflatoxin B2,, in the presence and ab-

sence of NAI)PH. The binding of aflatoxin

B1 to microsomes is a reversible phenomenon,

as this complex is separable by Sephadex gel

filtration, in contrast to the complex formed

between aflatoxin B, metaholite or aflatoxin

B2,, and microsornes, which resists such treat-

ment.
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showing binding of afiatoxin B, and its metabolite

Microsomes were incubated with aflatoxin B1

(0.10 mM) in the presence and absence of an

NAI)PH-generating system as described in the

text . Cont rol incubat ions contained everything

except aflatoxin B1. At the termination of the in-

cubation microsomes were reisolated by centri-

fugation, washed, suspended in buffer, adjusted

in protein concentration to 0.2 mg/nil as de-

scribed in the text, and used for recording the

spectrum. The reference cuvette in each case

contained microsomes treated with NAI)PH or

solvent alone; no significant difference was ob-

served between microsomes treated with solvent

alone and solvent plus NAI)PH. - - -, sample

cuvette, microsomes treated with aflatoxin B1;

-, sample cuvette, microsomes treated with

aflatoxin B, and NADPH. B.L., baseline obtained

with sample cuvette (same as in reference).

Radiochemical studies (Table 1), using

[3H]aflatoxin B1, also show that a metabohte
of aflatoxin B1 binds to microsomes; the
formation of the [3HJaflatoxin B1 metabolite-

microsome complex is inhibited by SKF

525-A (70-73 #{182}), which is an inhibitor of

microsomal mixed-function oxygenase (37),

by L-cysteine (75 �), and by glutathione

(58 � Spectral studies showing similar

effects of these three inhibitors have been

reported previously (23).

The results of studies on the binding of

[3H]aflatoxin B2,, to microsornes (Table 1)

show that [3H]aflatoxin B2,, binds to micro-

somes independently of NADPH; this bind-

ing is partially blocked by L-cysteine (40 %)

O00i�

but not by SKF 525-A. Furthermore, the
extent of binding is dependent upon the con-

centration of [3H]aflatoxin B�,, in the incuba-
tion mixture. In additional studies it was
found that at least SO % of the radioactivity
remained associated with microsomes follow-
ing the precipitation of the [3Hjaflatoxin
B22-microsome complex with 8 � tnichlonace-

tic acid.
In combined radiochemical and spectral

studies, using microsomes reisolated from
incuhations devoid of NADPH but contain-
ing [3Hjaflatoxin B1 (0.11 and 0.18 imi) and

aflatoxin B2,, (0.027 and 0.040 mu), it was

found that the microsomal binding of afla-
toxin B2,, does hot interfere with either the

microsomal binding of aflatoxin B, or its
dissociation from the complex by Sephadex
gel filtration, which was calculated to remove

over 75 (;; of the aflatoxin B1 hound non-

covalently to microsornes.
Effect of pH on spectral structure of aflatoxin

B25. The spectral structure of afiatoxin Ba,, is
modulated by pH in such a way t hat the

360 urn peak at pH 1 .0, 2.2, and 4.4 gradually
shifts to 398 nm with increasing pH (Fig.
5A). The peak at 398 nm at pH 8.0 does not
shift with incneasmg pH but instead shows

hyperchromicity as the pH is raised to 9.2
and 11.3. When each of these mixtures was

extracted with 1.25 volumes of chloroform
and the spectrum of the aqueous phase was
obtained (Fig. SB), the 360 nm peak, seen at
low pH values, was substantially reduced,

possibly because of the extraction of afla-
toxin B2,, into chloroform, whereas the 398
urn peak, seen at higher pH values, remained
associated with the aqueous phase. These
results suggest that at lower pH values the

chemical nature of aflatoxin B2,, renders it
less soluble in the aqueous phase but that,

as the pH is increased, its structure is altered
in such a way that its extractability into the
aqueous phase is increased substantially in

contrast to that in chloroform.

The results shown in Fig. 5A further

suggest that at least three chemical species

occur during the pH-induced transition of

the 360 urn peak. To examine this further,

three parameters-absorhance at 360 and

398 urn and at the isosbestic points-were
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TABLE 1

Effects of inhibitors on formation of [‘H-aflatoxin B1 metaholite-n,ierosomc complex 013(1 00 binding of

[3H]afiatoxin B25 to mierosornes

Experimental details for the incubation of microsomes are described in the text and specifically in

the legend to Fig. 4, except that I’H]AFB, (0.10 or 0.11 mM) was used instead of AFB1. In the first set.
of experiments microsomes in phosphate buffer and in the presence of an NAI)PH-generating system

were incubated with (a) [‘H]AFB1 alone (b) I3HIAFB1 plus SKF 525-A (0.8 m%1), (c) [‘H]AFB1 plus i�-

cysteine (10 mM), or (d) I’HIAFB, plus glutathione (10 mM). Corresponding controls for each incuba-

tion mixture were prepared under identical experimental conditions in the absence of an NAI)PH-
generating system. At the termination of the incubation, microsomes were reisolated, washed, and ad-

justed in protein concentration to 2 mg/ml, and 1-mi aliquots were counted in triplicate for radioactiv-

ity by the procedure described in the text. The amount of microsome-bound metabolite shown here

was calculated from the difference in the radioactivity bound to microsomes reisolated from the test

incubation mixture minus microsomes reisolated from control incubations, which contained every-

thing except the NAI)PH-generating system, which is necessary for the generation of the microsome-
mediated metabolite of AFB,. The specific activity of [‘H]AFB1 was 0.27 or 0.44 mCi/minole. In the

second set of experiments the binding of [‘HJAFB2,, to microsonies was studied. All incubations were
performed in the absence of NA1)PH in a total volume of 12 ml of 0.1 M potassium phosphate buffer

containing MnC12 and MgCl2. Other experimental details were similar to those described above. Micro-

somes, reisoiated from the incubation mixture and subsequently washed, were adjusted to a protein

concentration of S mg/mi; 1-mi aliquots were counted in triplicate, and the counts were averaged. Three

incubation mixtures were processed in each experiment: (a) [‘H]AFB2� (0.01 and 0.02 mM) pius micro-

somes (3 mg of protein per milliliter), (b) [‘H}AFB25 plus microsomes and SKF 525-A (0.70 mM), and

(c) [‘HIAFB2,, pius microsomes and L-cysteine (12 mM). The specific activity of [‘HJAFB25 was 0.184

mCi/mmoie.

Binding of l’H]AFB1 metabolite to microsome

Incubation conditions prior to reisolation of microsomes Metaboiite bound [‘HIAFB, metabo-
lite bound to
microsomes

nmoles ‘2 mg protein % control

(Test�) - (cont,roib) 5.1, 6.3, 6.8e 100

(Test + SKF 525-A) - (control + SKF 525-A) 1.4, 1.5d 3�, 27”

(Test + L-cysteine) - (control + L-cysteine) 1 .7 25

(Test + glutathione) - (control + glutathione) 2.9 42

Binding of l3Hlaflatoxin B25 to microsomes

Incubation conditions prior to reisoiation of microsomes [‘HJAFB,C [‘HlAFB�,, bound
bound to microsomes’

0.01 mM 0.02 mM
AFB� AFB35

nmotes 5 mg protein #{182}control

[‘HJAFB� + microsomes 7.2 12.2 100

I�HlAFB� + microsomes + SKF 525-A 8.1 12.7 108

[‘H]AFB� + microsomes + L-cysteine 4.4 7.3 60

o The test incubation mixture contained microsomes, NAI)PH, and I3HIAFB1.
The control incubation mixture contained everything in the test incubation except NADPH.
Results of three separate experiments.

d Results of two separate experiments.
Average.
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FIG. 5. Effect of pH on spectrum of aflaloxin B25

2

Aflatoxin B2, , prepared and purified as described in the text, was dissolved in methanol, 2OO-�il ali-

quots were mixed with 3.80-nil portions of potassium phosphate buffers of varying pH, and spectra were

recorded (A). A solution having a pH of 1.0 was prepared by mixing a 2OO-�il methanolic solution of
aflatoxin B25 in water, the pH of which had been adjusted with 0.1 N HC1; 0.01 N NaOH was used to ob-

tain the solution with pH 11.3. The reference cuvette in each case contained the appropriate methanol-

buffer mixture, which was devoid of aflatoxin B25. After the spectra had been recorded each solution

(4 nil) was extracted by shaking (5 miii) and centrifuging (5 mm) with 5 ml of chloroform, and the aque-
ous phase was removed and used for recording the spectra (B). The baseline was adjusted with an in-
strument balance. Plots of the absorbance at isosbestic points (I.P.) and at 398 and 360 urn of aflatoxin

B25 vs. pH are also shown (C).

plotted as a function of pH (Fig. SC). The
drop in the isosbestic point curve at low pH

values and the lack of any further alteration
after this initial drop suggest that afiatoxin
B2,, is first converted to an intermediate

(probably a monoaldehyde in Fig. 1), the
equilibrium pH for this conversion being in

the midpoint of the drop (pH 3.0). This
intermediate (B) seems to be subsequently

converted to the final product (C) (possibly
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the dialdehyde derivative in Fig. 1), and the
equilibrium pH of this transition lies some-
where in the triangle described by the three

curves. A very close estimate of this pH
value, obtained from the pointed of inter-
section of the 360 and 398 urn curves, is pH
7.35.

The pH-dependent alteration of the afla-

toxin B2,, spectrum shown in Fig. 5A was

found to be reversible. The reversal of the

spectral peak shift from 398 urn to 360 nm by

acidification of an alkaline solution of afla-

toxin B2,, was accompanied by a decreased

ability of the aqueous phase, upon extrac-
t.ion with chloroform, to retain the aflatoxin

B2,, chemical species responsible for the
appearance of a spectral peak at 398 nrn.

Effect of inhibitors on formation. and micro-

somal binding of water-soluble inetabolite frmn

[3H]aflatoxin B1. If the metabolite in question

has same solubility, spectral, and micro-

somal binding chanactenist ics as aflatoxin
B25, it should be possible to study the effect

of inhibitors of the microsomal mixed-func-

tion oxygenase on the formation and micro-
somal binding of the metabolite derived

from [3H]aflatoxin B1. This could be done by
making the incubation mixture alkaline, ex-
tracting it with chloroform to remove parent
[3Hjaflatoxin B1 and its chloroform-soluble
metabolites, and then counting the micro-
somal precipitate and an aliquot of the
aqueous phase. The results (Table 2) cleanly
show that aflatoxin B1 is converted by micro-
somal mixed-function oxygenase into a polar

metabolite which hinds tenaciously to micro-

sornes.
The total amount of polar metaholite,

whether free in the aqueous phase or hound

to rnicnosomes, was estimated (Table 2) to
account for more than 88 � � of the metab-

olized aflatoxin B1. In additional studies, the
aqueous phase after extraction with chloro-

form was acidified (pH 2.0) and extracted

with ethyl acetate. The latter extract was
then evaporated to dryness, and the residue

was dissolved in water and used for recording

the spectrum between 350 and 500 tim. This
spectrum and the spectrum of aflatoxin B2,,
were similar in respect to absorption in the
360 and 400 n.m regions, pH dependence

(see Fig. 5A), and reversibility of the pH-

induced spectral alteration.

DISCUSSION

The results of these studies indicate that
(a) in the presence of rat liven microsomes
and NADPH, aflatoxin B1 is converted into
a metabolite which is similar to aflatoxin
B2,, and, under certain conditions, this con-
version constitutes a maj on pathway ; (b)
aflatoxin B1 per se binds loosely to micro-

somes, whereas its met.abolite binds much
more firmly ; and (c) the binding of aflatoxin

B2,, is mediated via its cleavage products.
When the metabolism of aflatoxin B1 by

microsomes was studied in vitro by means of
difference spectroscopy, a temporal relation-

ship was evident between the decrease in

absonbance at 360 tim, caused by the dis-
appearance of aflatoxin B1, and an increase in

absonbance in the 400 nm region. The change
at 400 nm was related to the microsomal
mixed-function oxygenase-mediated metab-

olism of aflatoxin B1. The wavelength of
maximum difference, related to the forma-

tion of the metabolite, was located at 398
iim, suggesting a similarity between the

metabolite in question and aflatoxin B2,, on a

product related to it, since pure aflatoxin

B2,, at pH 7.4 (in solutions containing micro-
somes) and above was found to have a peak
at 398 nm. Furthermore, the aflatoxin B1
metabolite and aflatoxin B2,, were both
found to have similar spectral, thin-layer
chromatographic and solubility characteris-

tics. Additional evidence for this metabolic
pathway was also provided by the observa-
tion that spectral characteristics of the
aflatoxin B1 metabolite-microsorne complex

and the aflatoxin B25-microsome complex

were identical. These data. strongly suggest

that aflatoxin B25, or a very closely related

species, is formed from aflatoxin B1 by rat
liver microsomes, contrary to some reports

(5, 14) that aflatoxin B25 was scarcely formed
h� rat liver niicrosornes.

In systems in vitro utilizing hepatic sub-
fractions, aflatoxin B2,, is known to be a
major metabolite of aflatoxin B1, accounting
for 85-100 � of the metabolized aflatoxin
B1; however, under similar conditions only

traces of aflatoxin M1 are detected (5, 11,
14). Furthermore, it has been recently re-
ported (38) that aflatoxin.s M1 and P, to-

gether account for less than 3 �. of the
aflatoxin B1 metabolised in vitro by human
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TABLE 2

Effect of inhibitors on formation and microsomat binding of water-soluble metabolite of afiatoxin B,

Incubation mixtures in potassium phosphate buffer (0.07 M, pH 7.4) contained an NADPH-generating
system (unless otherwise indicated), MgCl2, and MnC12. The concentrations of the assay components
are described in the text. After incubation the mixture was rendered alkaline by adding 1 ml of 0.5 M

K2HPO4 (pH 9.3) ; immediately afterward the mixture was extracted with 20 ml of chloroform (in order

to remove unmetabolized aflatoxin B1 and its chloroform-soluble metabolites) by shaking for 10 mm and

centrifugation at 2000 rpm for 30 mm. The aqueous phase, free of precipitate, was collected, and an

aliquot was counted in duplicate. In another set of identical experiments the microsomal precipitate

obtained after chloroform extraction was carefully collected and once again extracted with 20 ml of

chloroform. The precipitate after the second extraction was collected and then extracted with 10 ml of
acetone. Acetone was aspirated, and the pellet was dried, digested with 0.5 ml of 1 N NaOH, and count

in 18 ml of scintillation mixture. The details for counting and calculating the radioactivity are describea
in the text. It is presumed that organic solvent extraction removed lipids from the microsomes. The

concentrations of inhibitors are given below. All incubation mixtures, in the absence of the inhibitor,

microsomes, and [‘H]aflatoxin B1, were first incubated for 10 mm at 37#{176};then microsomes and the in-

hibitor (where indicated) were added, in that order, and reaction was started with the addition of [3H}�

aflatoxin B1 in 20 Ml of dimethyl sulfoxide. In experiments using 0.12 ms AFB1 the total volume of each

incubation mixture was 1.6 ml; microsomal protein; 0.63 mg/ml; period of incubation, 40 mm at 37#{176};

specific activity of [‘H]AFB1, 0.127 mCi/mmole. The corresponding figures for experiments in which

0.18 mat AFB1 was used were 2 ml, 2.5 mg/ml, 1 hr, and 0.120 mCi/mmole. Microsomes used in these

experiments were isolated from phenobarbital-treated rats as described in the text.

The complete incubation mixture contained microsomes, an NADPH-generating system, and [3HJ-

AFB1 in phosphate buffer.

incubation conditions AFB1 metababolite in AFB3 metaboiite bound
aqueous phase#{176} to microsomal precip-

itate’ at 0.18 m�t AFB1

#{182}�control

0.12 m� AFB11’ 0.18 m�t AFB1C

% control

Complete 100 100 100

+NaCN (1 mM) 108 hOe 91e

Boiled microsomes 2 0 7

-NADPH 5 6 iS

+SKF 525-A (2 mM) 21 28� 335

+CO” 30 5

a These values were calculated after subtracting the radioactivity in the blank (incubation mixture

containing everything except microsomes), which was 800 dpm/ml for 0.12 mat and 1300 dpni/ml for
0.18 mat AFB1.

b These values represent an average of two experiments for each incubation. Radioactivity (disin-

tegrations per minute per milliliter of aqueous phase) from the complete incubation (after subtracting

the blank) in the two experiments was 4356 and 4662.

C Radioactivity (disintegrations per minute per milliliter of the aqueous phase) from the complete

incubation (after subtracting the blank) was 6995.

d Radioactivity (disintegrations per minute) in the microsomal precipitate from the complete incuba-

tion was 7890. This is the average of two experiments, with individual values of 8005 and 7775. Two

experiments were carried out for each incubation.

The concentration of NaCN was 1.5 mat.

/ Microsomes were boiled for 3 mm, allowed to cool, and then used.

� The concentration of SKF 525-A was 1.5 mM.

� reaction was carried out in rubber-stoppered 25-mi Erlenmeyer flasks, and CO (Matheson) was

bubbled through the incubation mixture for a total of about 3 mm, 2.S mm before the addition of micro-

somes and 40 sec after the addition of microsomes. The reaction was started with [‘Hlaflatoxin B1.

liven. Other investigators, using thin-layer wa�s not studied (11). Also, phenobanbital

chromatography, have reported the forma- treatment of rats has been shown to enhance
tion in vitro of aflatoxin B2,, from aflatoxin the microsome-mediated metabolism of afla-
B1, but the extent of this biotransformation toxin B1 in vitro (11, 12).
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In view of these observations, it was of

interest to determine whether the conversion

of aflatoxin B1 to the metabolite in question,

particularly by microsomes from pheno-
barbital-treated rats, is a major pathway in

the rat. Using the decrease and increase in

absorbance at 360 and 400 nm, respectively
(Fig. 2) , and the extinction coefficients of
21 ,800 for aflatoxin B1 at 360 nm (36) and of
34,276 for aflatoxin B25 at 400 tim [calcu-
lated from the data of Patterson and Roberts
(14) for pH 7.4}, it was calculated that under

our experimental conditions most of the
metabolized aflatoxin B1 was converted to
the metabolite responsible for the increase in
absorption in the 400 nm region. However,
using [3H]aflatoxin B1, the water-soluble

metabolite, which appears to be similar to
aflatoxin B25, was estinrnted to account for at

least 88 �. of the metabolized aflatoxin B1.
These findings suggest that, at least under

the conditions in vitro of our experiments, the
metabolite in question, presumably aflatoxin
B25, appears to be a major metabolite of
aflatoxin B1. If the effect of phenobarbital
treatment of rats on aflatoxin B1 metabolism

in vitro is a reflection of its effects in vivo one

might explain how such treatment of rats

affords protection against aflatoxin B1-in-

duced toxicity and carcinogenicity (39-41),
since aflat.oxin B2,, is relatively nontoxic
(5, 16-19).

A metabolite of aflatoxin B1 also binds to

microsomes, forming a complex with a spec-
tral peak at 405 n.m. Aflatoxin Be,,, when
incubated with microsomes in the presence

and absence of NADPH, also binds to micro-
somes, yielding a complex with identical
spectral properties. The formation of either

complex, i.e., the complex of aflatoxin B1
metabolite or of aflatoxin B2,, with micro-
somes, is decreased in the presence of i�-

cysteine, and neither complex is dissociated
by Sephadex gel filtration. SKF 525-A, a
potent inhibitor of the microsomal mixed-

mixed-function oxygenase, did not interfere
with the binding of aflatoxin B2,, pen se but

did decrease the aflatoxin B1 metabolism-
dependent formation of the complex, imply-

ing that the inhibitor produced its effect by

blocking the metabolism of aflatoxin B1. On
the other hand, L-cysteine had an opposite
effect: it did not seem to interfere with the

metabolism of aflatoxin B1 but did sub-

stantially reduce (40 (7k) the binding of afla-
toxin B2,, to microsomes. Comparison of the

characteristics of the aflatoxin B1 me-

tabolite-microsome complex with those of the

aflatoxin B25-microsome complex strongly
suggests that either aflatoxin B2,, per se on a
chemical species related to it.. is responsible

for the 405 n.m spectral peak. Although no
conclusive evidence is available regarding
the nature of this metabolite, a plausible
hypothesis is given below.

Pohland et al. (18) postulated that under

alkaline conditions aflatoxin B2,, cleaves to

yield a dialdehyde. Also, Patterson and
Roberts (14) reported that aflat.oxin Be,, wheit

incubated with bovine serum albumin ad-
sorbs onto the protein ; these investigators

also noted a shift in the absorbance of afla-

toxin B9a from 400 n.m to 450 nm in the l)res-
ence of such proteins. Furthermore, they sug-

gested that aflatoxin B2,, “degrades” before
being adsorbed OIlti) the proteins and, in the
light of the postulati(.)n by Pohland et al.

(18), implicated the dialdehyde derivative
(Fig. 1) in this adsorption phenomenon.

\Ve did not notice any shift in the spec-

trum of aflatoxin B2,, (from 400 urn to 450

urn) in the presence of microsonies, but OUF

data do suggest that aflatoxin B25 undergoes
pH-dependent. cleavage, which is accom-
panied by a shift in X,,,-� from 360 urn to 398
tim; furthermore, this pH-induced cleavage
was found to be reversible, as indicated by a

reversal in the � from 398 n.m to 360 urn
on acidification of the alkaline solution of

aflatoxin B25. However, in the presence of

microsomal proteins, aflatoxin B2,, binds
tightly to microsomes, possibly through the

formation of Schiff bases between the alde-
hyde groups of cleaved aflatoxin B2,- and the

free amino groups of proteins (42). Such
binding seems to he irreversible, as the afla-
toxin B25-microsome complex could not he

dissociated by Sephadex gel filtration. Fur-
theninore, radioactivity essentially could not

be released from the microsonial proteins hy

trichioracetic acid precipitation of the
[3Hjaflatoxin B25-rnicrosorne complex on by
solvent extraction (Table 2). The pH-dc-

pendent alterations in the solubility charac-
teristics of aflatoxin B25, found in this study,.

further support the hypothesis regarding
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FIG. 6. Schematic representation of possible mechanisms involved in binding of afiatoxin B1 and ifs

metabolite (aflatoxin B,5) to rat hepatic microsomes (Mcs)

X = inhibition; AF = aflatoxin; MMFO = microsomal mixed-function oxygenase; SGC = Sephadex
gel chromatography.

PH-induced cleavage of aflatoxin B2,, to
dialdehyde ionic forms, which would be ex-
pected to be more soluble in the aqueous
phase than the parent compound. Once

aflatoxin B2,, is cleaved to the dialdehyde,
cysteine could prevent its binding to micro-
somes by (a) forming a thiazolidine type of
addition product, similar to that seen in the
structure of penicillin (43, 44), and/on (b)
undergoing a Schiff base reaction with the
aldehyde groups of aflatoxin B2,, cleavage

products. Our data further indicate that such
a cleavage is probably not. spontaneous but
involves conversion through an intermedi-

ate, which is probably represented by the

cleavage product of aflatoxin B2,, in which
only the first furan ring is cleaved, forming
a monoaldehyde derivative. These suggest-

ions, as derived from our data, are schemati-
cally summarized in Fig. 6.
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