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ABSTRACT

Fischer 344 rats readily develop liver cancer when exposed to aflatoxin
BI (AFBi) but dietary administration of the antioxidant ethoxyquin (EQ)
provides protection against hepatocarcinogenesis. Chemoprotection by
EQ is accompanied by the overexpression of enzymes which detoxify
activated AFBÂ¡.Aflatoxin-protein adduct formation takes place following
metabolism of AFB, to the dialdehydic form of AFB,-dihydrodiol. The

dialdehyde can be detoxified by reduction to a dialcohol through the
catalytic actions of an enzyme present in the hepatic cytosol from rats fed
EQ-containing diets; this metabolite is essentially undetectable in reaction

mixtures that use hepatic cytosol from rats fed control diets. The enzyme
responsible for catalyzing the formation of dihydroxy-aflatoxin I!, has

been purified from the livers of rats fed on diets supplemented with EQ.
It is a soluble monomeric protein with an approximate Mr of 36,600.
Besides its activity toward AHÃ•, this enzyme also catalyzes the reduction
of the model substrate 4-nitrobenzaldehyde. Amino acid sequencing of
cyanogen bromide-derived peptides obtained from this reductase indi
cated that it has not been characterized hitherto, at least not at a molec
ular level. Therefore, this inducible enzyme has been designated aflatoxin
K,-aldehyde reductase (AFBÂ¡-AR). The livers of adult rats administered
dietary EQ contain at least 15-fold greater levels of AFB,-AR than the

livers from rats fed control diets. Aflatoxin BrAR was also found to be
present in increased amounts in livers bearing preneoplastic nodules and
in rat hepatoma, both of which are known to express increased resistance
to AFB|. Kidney contains high constitutive levels of VI I(,-AK and the

administration of EQ increases its concentration in renal cytosol about
3-fold. Although AFB,-AR is present in trace amounts in rat lung it was

not detected in brain and in neither tissue was it found to be induced by
EQ. Evidence suggests that AFB,-AR is a previously unrecognized enzyme

that could provide protection against the cytotoxic effects of aflatoxin K,
resulting from the formation of protein adducts. The relative importance
of AFBi-AR and the glutathione-S-transferase Yc2 subunit in conferring

resistance to aflatoxin B, is discussed.

INTRODUCTION

AFB i2 is a potent hepatocarcinogen that is produced by the mould

AsperigiHiisflaviis. It is widely encountered as a contaminant of cereal
crops and other foodstuffs in regions of the world with high humidity
(1). The carcinogenicity of AFB, has been demonstrated in various
species such as rat, turkey, duck, trout, and primates (2). Evidence
suggests that AFB, is an important human hepatocarcinogen; not only
does an association exist between the level of exposure to AFB, and
the incidence of liver cancer (3, 4), but also recent data suggest that
this mycotoxin produces hepatocellular carcinoma through specific
mutations in the p53 tumor suppressor gene at codon 249 (5-7).
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Aflatoxin B, is extensively metabolized in mammalian liver
through a complex number of toxification and detoxification steps (1).
Initial metabolism of AFB, by the cytochrome P-450 monooxygena-
ses entails either activation to the ultimate carcinogen AFB]-8,9-
epoxide or, alternatively, deactivation to the less mutagenic hydrox-

ylated products aflatoxin MÂ¡,aflatoxin Q,, and aflatoxin P,. The
activated metabolite, AFB,-8,9-epoxide, readily modifies DNA and

protein but its toxicity can be substantially reduced by conjugation
with reduced GSH, a reaction catalyzed by GST. AFB,-8,9-epoxide is
a short-lived electrophile and as an alternative to reacting with nucleic

acids or GSH it can hydrolyze either spontaneously or via epoxide
hydrolase to form the 8,9-dihydrodiol. In turn, the dihydrodiol under
goes opening of both of the furan rings to yield a dialdehydic pheno-

late ion (8) which forms Schiff bases with primary amine groups in
proteins. Evidence has been obtained indicating that the majority of
the binding of AFB, to serum albumin, and probably to other proteins,
results from initial reaction between AFB,-dhd and primary amine
groups (9). The relative production of AFB,-dhd by microsomes from

various animal species parallels the in vivo susceptibilities to acute
AFB, toxicity which supports an important role for this metabolite in
the acutely toxic response to AFB, (10). Recently, we have isolated an
aflatoxin metabolite which we have characterized as AFB,-dialcohol
(11), formed by the reduction of the dialdehydic form of AFB,-8,9-

dihydrodiol (see Fig. 1). Although previously nothing was known
about the enzyme responsible for catalyzing this reaction, it is rea
sonable to suppose that it is mediated by AR.

The consequences of exposure to AFB, depend primarily on the
relative hepatic levels of enzymes responsible for its activation and its
deactivation. In the rat the 8,9-epoxidation reaction is catalysed by
CYP2C11,3 a male-specific cytochrome P-450, while deactivation of

AFB,-8,9-epoxide and the dialdehydic phenolate ion is catalyzed by

GST isoenzymes containing Yc subunits (12) and the putative alde
hyde reductase, respectively. Fischer 344 rats are highly sensitive to
AFB, but can resist its carcinogenic effects when fed diets containing
ethoxyquin or other antioxidants (13, 14). The protection afforded by
phenolic antioxidants is a consequence of their ability to increase the
efficiency of the various detoxification pathways through induction of
the enzymes involved (12, 15-18). GST-mediated resistance to AFB,

has been studied by a number of research groups but the role of AR
as a resistance mechanism has not received attention.

During the present study we describe the purification and charac
terization of a novel AR which metabolizes AFB,. This reductase is
induced by dietary ethoxyquin and its expression is also increased in
rat livers bearing preneoplastic nodules as well as in rat hepatoma.

MATERIALS AND METHODS

The chemicals used were from Sigma Chemical Co. (Poole, Dorset, United
Kingdom) and BDH Merck (Thornliebank, Glasgow, Scotland, United
Kingdom).

Male Fischer 344 rats were used throughout this investigation. All rats
(including the control animals) were fed on powdered MRC41B rat diet which

3 G. E. Neal, D. J. Judah, and C. R. Wolf, unpublished results.
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METABOLISM OF AFLATOX1N B, BY AN ALDEHYDE REDUCTASE

AFB,-8,9-dihydrodiol dialdehydic phenolate proposed dialcohol structure

"OCH,
OCHj

Fig. 1. Reduction of the dialdehyde form of AFB,-dihydrodiol.

contained 2% arachis oil. Ethoxyquin-inducible enzymes were studied in rats
(150-175 g) that had received 0.5% EQ for the 5 days immediately before

sacrifice (16). Hepatic preneoplastic nodules or hepatoma were obtained from
the livers of rats which had been fed MRC41B rat diet fortified with 2% arachis
oil that contained AFB, (2 ppm.) for approximately 1 year (19); these animals
were fed on the control diet for a month prior to sacrifice. Two rats (of about
75 weeks), that were fed on Ihe control diet but had received between 12 and
19 weeks of age four i.p. injections (each 175 /ng) of AFB,, were also included
in the study.

The HPLC method used to analyze AFB, metabolites has been described
elsewhere (12, 20). Aldehyde reducÃaseactivity was determined at 30Â°Cusing

0.67 niM 4-nitrobenzaldehyde and 0.5 fXMNADPH in 100 ITIMsodium phos

phate buffer (pH 7.0); the reaction was monitored at 340 nm. Glutathione
5-transferase and glutathione peroxidase activities were measured on a cen

trifugal analyzer as described previously (12). Protein concentrations were
determined by the method of Bradford (21), or in the assays of the hydroxya-

patite fraction (Fig. 2) the bicinchoninic acid method (Sigma) was used.
The various chromatography steps used for the purification of AFB,-AR are

similar to those used to isolate GST (12). With the exception of FPLC on the
Waters Protein-PAK Glass SP-8HR column, which was performed at 20Â°C,all
chromatography and dialysis steps were carried out at 4Â°C.SDS/PAGE was

undertaken in 11% resolving gels as described by Laemmli (22). Laser des-
orption mass analysis of AFB,-AR was performed on a Finnigan Mat (Hemel

Hempstead, Hertfordshire, United Kingdom) Lasermat instrument according to
the manufacturer's instructions.

Portions of purified protein (approximately 100 fig in 2 ml 10 mm sodium
phosphate buffer; pH 7) were emulsified with an equal volume of Freund's

complete adjuvant and injected s.c. at 8 separate sites on the back of female
New Zealand White rabbits. Three rabbits were used for each of the immu-
nogens (i.e., rat AFB,-aldehyde reducÃase, rat -rr-class GST Yf, and mouse
a-class GST Yc). After 6 weeks each rabbit was reinoculated with 100 jug of
the original Â¡mmunogen in incomplete Freund's adjuvant and this was followed

by a final inoculation 2 weeks later, again with 100 /xg of immunogen in
incomplete Freund's adjuvant. After a further 2 weeks the animals were killed
and bled. The scrum obtained was stored at -20Â°C, in the presence of 0.1%

(w/v) sodium azide until required. Western blotting was performed as de
scribed previously (23) and the following antiserum dilutions were used:
AFB,-aldehyde reducÃase, 1/10,000; GST Yc, 1/5,000; GST Yf, 1/500. It

should be noted that one of the antisera obtained against murine GST Yc was
found to cross-react with all the major rat a-class GST (i.e.. Yd,, Ya2, Yc,, Yc2)

while another antiserum, raised against the same immunogen, was specific for
rat GST Yc2 (these differences arc apparent in Figs. 6 and 7).

Amino acid sequencing was carried out on an Applied Biosystems (War-
rington, Cheshire, United Kingdom) 477A instrument with a 120A on-line

phenyllhiohydantoin analyser (24). The sequences obtained were compared in
the Swissprot and Genbank data bases using the FASTA and TFASTA pro
grams, respectively (25).

RESULTS

Enzyme Purification. In an earlierstudywe reportedthe isolation
of the GST Yc2 subunit from the livers of rats administered dietary
ethoxyquin (12). The purification of GST Ya,Yc2 and Yc,Yc2 was
monitored using an HPLC-based assay which allowed the simulta
neous analysis of several AFB, metabolites. While not documented in
the earlier paper describing GST Yc2, an unidentified highly fluores

cent metabolite was observed in AFB,-containing reaction mixtures
examined by HPLC. This assay demonstrated that feeding rats on a
diet supplemented with 0.5% EQ results in a 5-fold increased capacity
of hepatic cytosol to produce the AFB,-glutathione conjugate and an
increase of at least 15-fold in the ability of liver cytosol to form the
unidentified AFB, product. While the role of GST in protection
against AFB, is well recognized, the substantially increased ability of
the liver to produce another AFB, metabolite following the adminis
tration of dietary EQ suggested the possible presence of another
resistance mechanism. We have subsequently identified the novel
AFB, metabolite as a dialcohol and propose that an aldehyde reduc
Ãaseis responsible for its formation (11). The resolution of AFB,-
dialcohol from AFB-dhd [obtained as the Tris-AFB-dhd compound
(10)] by HPLC is shown in Fig. 2.

Purification of the aldehyde reducÃasewith activity towards AFB,
(AFB,-AR) was undertaken lo allow Ihis detoxificalion step to be
better understood and lo demonstrate its independence from other
resistance mechanisms. AR was isolated from the livers of rats fed an
EQ-containing diet using, consecutively, DEAE-cellulose, CM-cellu-
lose, hydroxyapatite, and chromatography on a Protein-PAK Glass
SP-8HR column (Table 1). The hepatic 10,000 g supernatant was
charged immediately onto DEAE-cellulose, equilibrated with 20 ITIM
Tris/HCl (pH 7.5). The material that was not retarded by DEAE-
cellulose was collected and dialyzed against 10 mw sodium phosphate
(pH 6.7) before being applied to a column of CM-cellulose. Although
this column was found to achieve a 20-fold purification of AFB,-AR
activily, the fractions which were responsible for catalyzing the for
mation of the hydroxylated AFB, metabolite also contained substan
tial levels of GST activity towards AFB,-8,9-epoxide (Fig. 3). The
contaminating GST was resolved from AFB,-AR by chromatography

1.0
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Fig. 2. Separation of AFB,-dialcohol and AFB,-dhd-Tris by HPLC. AFB, (c) metab
olized in the presence of Tris buffer by 5 /LI!hydroxyapatitc-purificd aldehyde reducÃase
(19.5 fxg of protein from peak fraction; see Fig. 4), forming AFB]-diaIcohol (a) and
AFB|-dhd-Tris (b). Incubation conditions and HPLC analyses were performed as previ
ously reported (10). K' of AFB,-dhd and AFB.-dhd-Tris are essentially similar.
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METABOLISM OF AFLATOXIN B, BY AN ALDEHYDE REDUCTASE

Table 1 Purification of the AFBÂ¡-metabolizing aldehyde redactase

Enzyme purification was undertaken from approximately 170 g of liver from 8-week-
old Fischer 344 rats which had been fed an ethoxyquin-containing diet (0.5%) for the 5

days before being sacrificed. The percentage yield of the different activities during the
purification are shown in parentheses

PurificationstepRat

liver 10 000 g supernatant
DEAE-cellulose flowthrough
CM-cellulose

Hydroxyapatite
Protein-PAK Glass SP-8HRTotal

protein
(mg)18590

6588
238

54
15Specific

activity
(nmol/min/mg ofprotein)AFB,-(CHO)2Â°0.018(100)

0.069 (135)
1.45 (103)
2.31 (37)
8.3 (37)NBA65

(100)
54 (29)

565 (11)
1973 (8.8)
1970(2.4)

AFBi-(CHO)2, aflatoxin B, dialdehyde phenolate ion; NBA, 4-nitrobenzaldehyde.

on columns of hydroxyapatite (Fig. 4). The final purification step,
which involved FPLC on a Waters Protein-PAK SP-8HR cation ex

changer, resulted in the removal of small amounts of additional pro
tein which contaminated the AFB,-AR preparation. The major protein
peak eluted from SP-8HR was found to migrate as a single eleclro-

phoretic band when subjected to SDS/PAGE, suggesting that the
preparation was homogeneous (Fig. 5). The purity of the enzyme
preparation was also supported by the fact that when examined by
reverse-phase HPLC it eluted as a single symmetrical peak from a
p,-Bondapak C-18 column which was developed with a 40-70% ac-

etonitrile gradient.

Characterization of Aflatoxin lÃ¬,-aldehyde ReducÃase. Calibra

tion proteins which were included in the SDS/PAGE analysis shown
in Fig. 5 indicate that AFB,-AR comprises subunits with an approx
imate Afr of 40,000. AFB,-AR was estimated to have an Mr of 36,622

by laser desorption mass spectrometry. The elution position of the
purified enzyme from a Waters Protein PAK Glass 200SW FPLC
filtration column indicated that AFB,-AR is a monomeric protein.

In addition to its ability to metabolize aflatoxin, purified AFBrAR
was found to exhibit activity towards the model substrate 4-nitroben

zaldehyde (Table 1). By contrast, the enzyme exhibited little capacity
to reduce either glucuronic acid or menadione.

It was found that rat AFBrAR is not directly amenable to amino
acid sequencing and it is therefore concluded that it possesses a
blocked NH2 terminus. However, following cleavage with CNBr the
largest fragment which was recovered from reverse-phase HPLC was

subjected to Edman degradation and the first 10 cycles gave the
sequence SSLEQLEQNL. This decapeptide sequence was not found
in any of the proteins contained in either the Swissprot or the Genbank
data bases. Most significantly, this peptide was not found in any of
those members of the aldo-keto reducÃasesuperfamily that have been

cloned to date, i.e., aldehyde reducÃase(26), aldose reducÃase(26),
chlordecone reducÃase(27), 3a-hydroxysteroid dehydrogenase (28-
30), proslaglandin F synlhase (31) and p-cryslallin (32). Furthermore,

Ihe peplide was noi presenl in carbonyl reducÃase,a member of Ihe

Fig. 3. Elution of AFB|-aldehyde reducÃaseac
tivity from CM-cellulose. The hepatic extract from
ethoxyquin-treated rats was charged onto DEAE-

cellulose as described in the text. The material
which failed to adsorb to the DEAE-matrix was

dialyzed against 5 changes, each of 4 liters, of 10
rriMsodium phosphate/1 mM dithiothreitol (pH 6.7)
before being applied to a 3.2- x 82-cm column of
CM-cellulose. This column, which was eluted at
35.5 ml/h, was developed with a 0-120 mM gradi

ent of NaCI (â€¢)formed in the same 10 mM sodium
phosphate buffer. Fractions of 11.8 ml were col
lected and glutathione 5-transferase activities to
ward both l-chloro-2,4-dinitrobenzene (A) and
AFBi-8,9-epoxide (A) were measured. ReducÃase

activity with the aflatoxin B, dialdehydic phenolate
ion (â€¢)was determined and the fractions with high
est activity were combined (horizontal bar).
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METABOLISM OF AFLATOXIN B, BY AN ALDEHYDE REDUCTASE

Fig. 4. Resolution of AFB,-AR from GST by

hydroxyapatite chromalography. The fractions
from CM-cellulose which contained the reducÃase
activity towards the dialdehyde metabolite of AFB|
were combined (see Fig. 3) and applied directly to
a 1.6 x 23 cm column of hydroxyapatite. The col
umn was eluted at 16 ml/h with 10 rriM sodium
phosphate/1 mM dithiothreitol (pH 6.7) and devel
oped with a 10-250 mM disodium phosphate gra

dient; the gradient was followed by measuring the
sodium concentration (â€¢)in the eluent. Fractions of
5.3 ml were collected, and the absorbancc at 280
nm (O), GST activity toward l-chloro-2,4-dini-
trobenzenc (A). GST activity toward AFB,-8,9-
epoxide (A), and reducÃaseactivity with the afla-

toxin B] dialdehyde phenolatc ion (â€¢)were mea
sured. Horizontal bar, fractions which were com
bined.

300

200 i

too

short-chain alcohol dehydrogenase family (33). It is therefore appar
ent that AFB|-AR has not, to date, been characterized at a molecular

level and it is possible that it represents an addition to the family of
aldo-keto reductases.

Regulation of AFB|-AR in the Liver. Hepatic expression of
AFB,-AR was studied to determine whether the levels of this enzyme

coincide with instances of relative sensitivity and resistance to AFB,.
Examples of tissues sensitive to AFB, were provided by liver speci
mens from fetal rats and 9-week-old male rats while examples of
AFB i resistance were provided by livers from EQ-treated 9-week-old

male rats, livers bearing preneoplastic nodules, and a resected afla-
toxin B |-induced hepatoma from a 1-year-old male rat.

Both Western blotting (Fig. 6) and enzyme assay (Table 2) showed
low levels of AFB,-AR in fetal liver and in liver from 9-week-old

male rats fed a normal diet. Comparison between the levels of
AFB i-AR and GST Yc^ in fetal liver is particularly interesting. Both

the enzyme assay and blots show significant amounts of GST Yci in
fetal liver cytosol whereas, by contrast, AFB,-AR is detected only in

low amounts in the same samples. Since fetal rat is sensitive to AFB,
(34-36) our data suggest that resistance to this mycotoxin may require

Table 2 Lc\vls ofAFB/-AK and GST activities in hepatic samples from Fischer 344 nils
Cytosols (100 (X)O-gsupernatants) were prepared at 4Â°Cfrom various liver samples. Enzyme activities were determined as described in "Materials and Methods." The results

represent means Â±SD for four determinations and are expressed as nmol/min/mg. SDS/PAGE and Western blotting of these samples are shown in Fig. 6

EnzymeactivitiesLiver

sampleControl

Elhoxyquin
Fetal
Nodule-bearing

HepatomaAge

ofrat9

weeks
9 weeks
17 days gestation
1 year
1 yearPhcnotype"Sensi

Resis
Sensi
Resis
Resisive

ant
ive
antantto

AFB i
to AFB,
to AFB,
to AFB,
to AFE,Aldehyde

reducÃase
AFB,-(CHOb0.004

0.115
0.002
0.026
0.093Â±0.001Â±0.010

Â±0.002
Â±0.001
Â±0.008Glulathione-.V-transferase

AFB,-8.9-epoxide0.077

0.483
0.225
0.220
0.657Â±

0.035
Â±0.013
Â±0.004
Â±0.035

" Comments on resistance phenotype are based on data from Refs. 2, 10, 16, 34, 35, 36, and 37. The hepatoma sample was obtained from 3 carcinomas. Nodule-bearing sample

was liver containing multiple nodules identified histologically as preneoplastic and neoplastic, < 3 mm in diameter.
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METABOLISM OF AFLATOXIN B, BY AN ALDEHYDE REDUCTASE

a
234 56789 10
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anti AFB,-AR

(b)

123456789 10
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;

Fig. 5. Purification of AFB|-metabolizing aldehyde reducÃase.The enzyme-containing
fractions that were obtained from the hydroxyapatite column were combined (see Fig. 4)
and dialyzed against 10 HIMsodium phosphate/1 mM dithiothreitol (pH 6.4). Portions
(5-ml) of the dialyzed material were injected onto a Protein-PAK Glass SP-8HR column

(1 x 10 cm) equilibrated with the phosphate buffer. Aldehyde reducÃasewas eluted at 60
ml/h from this cation exchanger, which was controlled using a Waters Advanced (650E)
Protein Purification System, by a 0-67 m\i NaCI gradient formed in the running buffer;
the gradient, which was formed in two stages (0-67 HIMNaCI and 67-200 mM NaCI), is
shown by the simigli! lines. The elualc was monitored continuously at 280 nm and a
typical elution profile is shown in a. The material which eluted between 43 and 47 min
was collected and examined by SDS/PAGE. The gel in b shows an SDS/PAGE analysis
of protein recovered from the various Chromatographie steps used to purify AFB[-AR
(Lanes 4-8). The samples subjected to clectrophoresis are as follows: tracks 1 and 10, Mr
standards, bovine scrum albumin (M, 66,200), ovalbumin (M, 45,000). trypsinogen (MT
24,000). ÃŸ-lactoglobulin(M( 17,000), lysozyme (MT 14,400); track 2, hepatic cytosol from
rats fed control diet; track 3, hepatic cytosol from rats fed an ethoxyquin-containing diet:
track 4, 10,000 g liver supernatant from rats fed ethoxyquin; track 5, flowthrough material

anti GST-Yc-

Fig. 6. Pathophysiological control of AFB]-AR in rat liver. Cytosols were prepared
from the livers of fetal rats (17 days of gestation), from the livers of male rats (9 weeks
old) administered either control or ethoxyquin-containing diets, from the liver of a male
rat (~1 year old) that contained AFB|-ÃŒnducedpreneoplastic nodules, and from resected
hepatomas obtained from a rat (â€”¿�1 year old) that had been subjected to chronic exposure
to AFB,. a. SDS/PAGE of the following samples: tracks 1, 7, and 10, 2 /Â¿gAFB,-AR;
track 2, 30 /^.g of hepatic cytosol from rats fed control diet; track 3, 30 fig of hepatic
cytosol from rats fed an ethoxyquin-containing diet; track 4, 30 Â¿igof fetal rat liver
cytosol; track 5, 30 fig of cytosol from a preneoplastic nodule-bearing liver; track 6, 30
Â¿igof cytosol from an individual hepatoma; track 8, Mr standards, phosphorylase ÃŸ(MT
97,400), bovine serum albumin (A/r, 66,200), ovalbumin (A/r, 45,000), carbonic anhydrase
(MT 31,000), soybean trypsin inhibitor (M, 21,500), and lysozyme (Mr 14,400); track 9, 2
/j-g GST YciYc2. /?, an immunoblot analysis of AFBrAR and GST Yc2 expression in the
same samples as described in "Materials and Methods." In the immunoblot for GST Yc2,

the antiserum shows some cross-reactivity with the Ya subunits (lower arrow) as well as
with the Vf] subunit (upper arrow); the Yc2 subunit (larges! arrow) has an electrophoretic
mobility that is between that of Ya and Yc|. Also, in this blot, track I contains 2 fig GST
YC|Yc2 as a positive control (tracks 2-10 were loaded as shown in panel a).

from DEAE-cellulose; track 6, fractions combined from CM-celluIose; track 7, GST-

depleted pool from hydroxyapatite; track 8, purified aldehyde reducÃasethat eluted from
the Protein-PAK Glass SP-8HR column between 43 and 47 min; track 9, purified GST

Yc,Yc2.
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METABOLISM OF AFLATOXIN B, BY AN ALDEHYDE REDUCTASE

1 2 3 4 5 6 7 8 9 10 11 12

b

(Q)

onti AFB|-AR

1 2 3 4 5 6 7 8 9 10 11 12

1 2 3 5 6 7 8 9 10 11 12

(b)

ant i GST

12 345678 9 10 11 12

(c)

anti GST Yf

Fig. 7. Constitutive expression of AFBrmetabolizing enzymes and their induction by
ethoxyquin in various rat organs. Cytosols were obtained from liver, kidney, brain, and
lung of rats (10 weeks old) fed on either ethoxyquin-containing or control diets. For
comparison, additional hepatic cytosols were prepared from two rats (~75 weeks old)

which had been fed on a control diet but had received four i.p. injections of AFBi- A
further hepatic cylosol was included in this series that had been prepared from a nodule-
bearing liver of a rat (~ 1 year old) following chronic feeding with an AFB|-contaminated
diet. a. SDS/PAGE analysis of these samples which were applied as follows: track 1, 2 /ig
AFB|-AR; track 2, 30 fig ethoxyquin-treated rat liver cytosol; track 3, 30 /ig control rat
liver cytosol; tracks 4 and 5, 30 ng of rat liver cytosol from animals that had received four
separate doses of AFBi; track 6, 30 /ig preneoplastic nodule-bearing rat liver; track 7, 30
/ig ethoxyquin-treated kidney cytosol; track 8, 30 /ig control kidney cytosol: track 9, 30
/ig ethoxyquin-treated brain cytosol; track 10. 30 /ig control brain cytosol; track 11. 30 /ig
ethoxyquin-treated lung cytosol; track 12, 30 /ig control lung cytosol. b, immunoblot
analyses of these samples using antibodies raised against AFBrAR, GST a-class Yc2 and
GST TT-class Yf; in each of the immunoblotting experiments track 1 contained a 2-/ig

aliquot of the purified immunogen. In this experiment the antiserum against GST Yen

elevated expression of both GST Yc2 and AFBrAR. Rat liver that
contained preneoplastic nodules was found to possess moderately
increased levels of the reducÃase.The highest levels of AFB,-AR were
observed in the resistant EQ-treated rats and the resected rat

hepatoma, both of which express substantial amounts of GST Yc2 and
are resistant to AFB, (37).

Induction of AFB t-metabolizing Enzymes by Ethoxyquin. The
expression of AFB,-AR and GST Yc2 was examined in brain, kidney,
liver and lung from rats fed EQ-containing diet and control diet to

determine (a) the constitutive levels of these enzymes in organs which
have been reported to contain aldehyde reducÃaseactivity (38) and (h)
the abilily of EQ to serve as an enzyme inducer in extrahcpatic tissue.
The hepalic samples also included a nodule-bearing liver cytosol to

allow comparison wilh dala in Fig. 6.
Among the organs subjected to immunoblotling, the kidney was

found to express the highest constilutive levels of AFB,-AR (Fig. 7;
Table 3). Expression of renal AFB,-AR was increased approximately
3-fold by Irealmenl wilh EQ. In 10-week-old rals fed a control diet the
hepatic levels of AFB,-AR were substanlially lower lhan the renal

levels. However, following administration of EQ the renal and hepatic
levels of AFB,-AR were found to be comparable. Only trace amounts

of ihis enzyme were observed in lung cytosol and none was detected
in brain. EQ failed to increase the levels of the reducÃase in either
brain or lung.

The GST a-class Yc2 subunit was found to be overexpressed in

liver following treatment with EQ (Fig. 7; Table 3). Trace amounts of
Yc2 were observed in renal cytosol from EQ-treated rats but it was not

detecled in renal cytosol from rats fed on the control diet. Brain was
found to contain low levels of GST Yc2 as was lung. Intereslingly,
Weslern blotling also showed that the GST Tr-class Yf subunit, like
AFB i-AR, is also overexpressed in liver and kidney from EQ-treated

rats.

DISCUSSION

Chemoprotection against AFB, has been advocated as a valuable
therapeulic strategy to help reduce the incidence of liver cancer in
those regions of the world where individuals are commonly exposed
to this mycotoxin. Although a large number of chemicals that inhibit
carcinogenesis have been identified, the resistance mechanisms in
volved are not well understood. Phenolic antioxidants such as EQ,
butylated hydroxyanisole, and butylated hydroxytoluene represent an
important group of chemoprotectors (39-41) which, when adminis

tered to experimental animals, serve to increase the efficiency of
carcinogen detoxification pathways. In previous studies (12, 16) our
laboratories have shown that EQ induces cytochrome P-450 and GST

isoenzymes involved in the deactivation of AFB,. The present article
describes a hitherto unrecognized detoxification route for AFB, that is
increased at least 15-fold by EQ. This step, which is catalyzed by
AFB|-AR, involves reduction of the AFB, dialdehyde phenolate form
of AFB,-dihydrodiol to a dialcohol compound (see Fig. 1). This

hydroxylated AFB, metabolite is itself likely to serve as a substrate for
UDP-glucuronosyl transferase or sulphotransferase.

Swenson et al. (42) have shown that following exposure of rats to
AFB,, binding of the carcinogen to protein accounts for more than
50% of the macromolecular-bound toxin in the liver. It is therefore

reasonable to assume that conversion of AFB, to the dihydrodiol
represents a significant (if not major) metabolic route for this hepa-

tocarcinogen in the rat (8). The parallel between the relative abilities
of microsomes isolated from various species to catalyze the formation

displayed little cross-reactivity toward the other a-class GST subunits (see also Fig. ft).
Enzyme analyses of the cytosol samples examined are presented in Table 3.
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Table 3 Enzyme levels in liver bearing preneoplastic nodules and in tissues from rats fed either control or ethaxyquin-containing diets

The 100,000-g supernatant fraction (cytosol) was prepared from various tissues of Fischer 344 rats fed on control or ethoxyquin-containing diets. Hepatic cytosol was also obtained
from two separate animals which had received four i.p. injections of aflatoxin Bt while being fed a control diet [i.e., liver specimens AFB, (l)andAFB| (2)] and from a nodule-bearing

liver produced by chronic exposure to AFBt (PN). Enzyme activities were determined as described in the text and results are expressed as means Â±SD for four determinations.
SDS/PAGE and Western blotting of these samples is shown in Fig. 7

Specific activities in cytosols"

Aldehyde reductase Glutathione-S-transferase Peroxidase

OrganLiverLiverLiverLiverLiverKidneyKidneyBrainBrainLungLungTreatmenl/specimenEthoxyquinControlAFB,

(1)AFB,
(2)PNEthoxvquinControlEthoxyquinControlEthoxyquinControlAFB,-(CHO)2

(nmol/min/mg)0.092

Â±0.0020.0(12
Â±0.0000.005
Â±0.0020.004
Â±0.0000.1

14Â±0.0040.045
Â±0.0020.012

Â±0.0020.0000.0000.0000.000NBA

(nmol/min/mg)56.9

Â±1.226.9
Â±0.549.1
Â±1.246.3

Â±1.196.4
Â±2.098.8
Â±3.379.2
+4.110.8

Â±0.810.8
Â±0.69.6

Â±0.86.7
Â±0.5AFB,-E(nmol/min/mg)0.431

Â±0.0070.089
Â±0.0110.088
Â±0.0070.083
Â±0.0050.534

Â±0.0210.142
Â±0.0050.069

+0.0100.019
Â±0.0010.016

+0.0010.027
Â±0.0020.017
Â±0.001CDNB(nmol/min/mg)3280124719681710465242317748555114414g2171616515132952EA(nmol/min/mg)80

+936
Â±246

+240
Â±1135
Â±1470

Â±642
+224
Â±133
+327

Â±220
Â±1CuOOH(units/g)65773714291383100156259995983342718172836531352653H,02(units/g)461

Â±19716
+221387
+301357+

14670
+9529
+7597
Â±992
+288
+340

Â±731
+3

" AFB|-(CHO)2 aflatoxin B, dialdehyde phenolate ion: AFB,-E, aflatoxin B,-8,9-epoxide; NBA, 4-nitrobcnzaldehyde; CDNB, l-chloro-2,4-dinitrohenzene; EA, ethacrynic acid:

CuOOH, eumene hydroperoxide.

of AFB,-dhd and the in vivo susceptibilities of those species to AFB,

acute toxicity suggests that protein binding plays a significant role in
AFB, toxicity (9). It is therefore probable that the reaction catalyzed
by AFB,-AR represents a pivotal detoxification step which, by pre
venting the reaction of AFB-dhd with lysyl residues in protein (8),

limits the formation of AFB, protein adducts and inhibits the acutely
toxic response resulting from this metabolic pathway. The increase in
expression of AFB,-AR produced by dietary consumption of EQ is
therefore likely to be of considerable importance in limiting the cy-

totoxicity of AFB,. Prevention of the cytotoxic effects of AFB, will
also serve to inhibit carcinogenesis since the compensatory hyperpla-

sia which occurs following cell necrosis makes it more probable that
AFB,-DNA adducts are converted into mutations before DNA repair

can take place (41, 43, 44). It is therefore envisaged that protection
conferred by expression of AFB,-AR operates by inhibiting the pro

motion and progression of carcinogenesis rather than its initiation.
During the present study we have shown that the sensitivity of rat
liver to AFB, closely reflects the levels of expression of AFB,-AR.
Low levels of AFB,-AR occur in fetal liver and tissue from 10-
week-old rats, both of which are sensitive to the mycotoxin, while

high levels of this enzyme are found in situations such as EQ treat
ment, nodule-bearing livers, and hepatoma, where resistance to

AFB, is observed. It will be interesting to establish whether
AFB,-AR is expressed constitutively in species such as mouse and

hamster (2), that are intrinsically resistant to aflatoxin Bj. In all spe
cies, resistance to AFB, is likely to be multifactorial and it would be
unwise to attribute it solely to AFB,-AR. Cytochrome P-450, GST
Yc2, P-glycoprotein, and DNA repair enzymes also contribute to the

resistant phenotype (37).
The enzyme which catalyzes the reduction of the AFB, dialdehyde

phenolate ion has been purified and shown to be a monomeric protein
of M, 36,600. This enzyme also exhibits catalytic activity towards
4-nitrobenzaldehyde indicating that it is an aldo-keto reductase.
Amino acid sequencing experiments indicate that the aflatoxin-me-
tabolizing enzyme is distinct from those members of the aldo-keto

reductase superfamily the primary structures of which have been
reported previously (26-32) and therefore it has been designated
AFB,-AR. The fact that the expression of AFB,-AR is increased by
EQ treatment is particularly noteworthy since aldo-keto reductases are
seldom induced by xenobiotics (45). Among these enzymes, chlorde-

cone reductase has been shown to be inducible by its own substrate
(27) but it is not known whether it is also regulated by phenolic
antioxidants.

The fact that the expression of GST Yc2, which protects against the
genotoxic AFB,-8,9-epoxide, is also increased following EQ treat

ment and in hepatoma suggests that coordinated regulation of these
two enzymes may occur in adult liver. Regulation may be transcrip-
tional, in which case it is possible that the 5' flanking regions of the

genes encoding these two proteins contain similar regulatory ele
ments. Unfortunately nothing is known about the molecular events
involved in induction by EQ but it is reasonable to suppose that an
antioxidant responsive element, similar to that present in the rat GST
Ya2 subunit gene and rat quinone reductase gene (46, 47), may be
present in the promotors of both GST Yc2 and AFB,-AR. However,

developmental control of these two genes is clearly distinct since GST
Yc2 is active in fetal liver (Fig. 6) while significantly lower levels of
AFB,-AR are found in the same tissue. It is also intriguing that in the
adult rat the levels of AFB,-AR closely mirror those of the GST
TT-classYf subunit (Fig. 7).

Future studies are required to determine whether humans also pos
sess an enzyme related to the rat AFB,-AR. Human aldo-keto reduc

tases have been reported but their ability to detoxify AFB, metabolites
has not been described. Clearly this avenue of research merits inves
tigation since the rat enzyme appears to play a unique role in com
bating the cytotoxic effects of aflatoxin.
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