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Abstract. Previous studies indicate that dietary administration of phenolic antioxidants, 
2(3)-tert-butyl-4-hydroxyanisole (BHA) and 3,5-di-tert-butyl-4-hydroxytoluene, inhibits 
the carcinogenic effect of a number of chemical carcinogens including aflatoxin B, 
(AFB,). Induction of hepatic enzymes, such as glutathione S-transferase, UDP-glucuron- 
yltransferase, and epoxide hydrolase, has been shown to be responsible for the 
reduction of AFB, cytotoxic and carcinogenic effects. The effect of BHA on AFB, 
activation was examined in vitm utilizing isolated rat hepatocytes and liver microsomes. 
In hepatocytes, the total AFB, content and bound form of AFB, were 3.4 and 1.4 pmol/ 
lo6 cells, respectively. In the cell-free microsomal activating system, 2.2 pmol were 
activated per mg of microsomal protein during 60 min of incubation. BHA (0.1-0.5 mM) 
inhibited AFB, activation and binding in both systems in a dose-dependent manner; in 
hepatocytes, 90% inhibition was observed at 0.5 mM. Analyzing various AFB, adducts, 
BHA (0.25 mM)-treated hepatocytes contained a significantly reduced amount of AFB, 
macromolecular adducts. The antioxidant neither stimulated nor inhibited the cytosolic 
glutathione S-transferase and microsomal UDP-glucuronyltransferase activities. Analy- 
sis of various hydroxylated (aflatoxins Mi and Q, (AFM, and AFQ,)) and demethylated 
(aflatoxin Pi (AFP,)) metabolites of AFB, in both the conjugated and unconjugated form 
indicated that there was a 30-50% reduction of unconjugated AFP,, AFQ1, and AFM1, 
whereas AFB, was increased 3-fold. There was no significant change of conjugated 
metabolites. The effect of BHA on AFB, activation in hepatocytes was compared with 
that of other cytochrome P-450 inhibitors; the ED50 values of SKF 525A, BHA, and 
metyrapone were 9 bM, 40 phf, and 280 pM, respectively. In the cell-free microsomal 
system, biotransformation of AFB, to AFP,, AFM,, and AFQ, was also inhibited. Kinetic 
analysis of p-nitroanisole 0-demethylase activity of rat liver microsomes demonstrated 
that BHA inhibited noncompetitively with an apparent K, of 90 phf. In the absence of 
enzyme induction, the phenolic antioxidant, BHA, blocks the oxidative biotransformation 
of AFB, in isolated hepatocytes. [P.S.E.B.M. 1989. VoI 1921 

t has been known for many years that addition of 
some vitamins, reduced glutathione, phenolic an- I tioxidants, and other naturally occurring sub- 

stances, to human and animal food may lower the 
incidence of cancer caused by chemical carcinogens. 
The mechanisms of action of most of these agents are 
not fully understood (1, 2). Wattenberg (1) divided 
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them into three categories: compounds preventing the 
formation of carcinogen from precursor compounds, 
compounds preventing the carcinogen from reaching 
and reacting with the target site(s), and compounds 
suppressing the expression of neoplasia. Dietary admin- 
istration of phenolic antioxidants such as 2(3)-tert- 
butyl-4-hydroxyanisole (BHA) and 3,5-di-tert-butyl-4- 
hydroxytoluene (BHT) is known to inhibit the carcin- 
ogenic effect of benzo(a)pyrene (3), 7,12-dimethyl- 
benz( a)anthracene (4), N-methyl-N’-nitro-N-nitroso- 
guanidine ( 5 ) ,  and aflatoxin B, (AFB,) (6) in tissues of 
rodents. It is generally accepted that phenols act at 
multistages in modulating carcinogenesis (1,2). Admin- 
istration of BA to male Sprague-Dawley rats increased 
the specific activities of liver glutathione S-transferase 
(7) and epoxide hydrolase (8). In female CD-1 mice, 
however, these enzyme activities were elevated in both 
liver and extrahepatic tissues (9). In rat liver micro- 
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somes, the epoxide hydrolase was 2.8-fold greater in 
BHA-treated animals in comparison to controls, 
whereas the glutathione S-transferase activity was in- 
creased by 1.8-, 2.0-, and 2.1-fold with p-nitrobenzyl 
chloride, 1 -chloro-2,4-dinitrobenzene (CDNB), and 
1,2-dichlor0-4-nitrobenzene, respectively, as substrates 
(7, 8). In mice, marked increases were seen in liver 
epoxide hydrolase ( I  1.1-fold) and glutathione S-trans- 
ferase (8- 1 1-fold), with smaller increases in extrahe- 
patic tissues (9). Therefore, Benson et al. (9) suggested 
that the observed anticarcinogenic effects of BHA and 
other phenolic antioxidants might be due to induction 
of enzymes involved in the removal of reactive metab- 
olites. AFB,, a hepatotoxic, mutagenic, and carcino- 
genic mycotoxin present in human food and animal 
feed, is converted to AFB1-8,9-epoxide and a number 
of polar metabolites such as aflatoxin PI (AFP,), afla- 
toxin MI (AFM,), and aflatoxin Q, (AFQ,) by liver 
cytochrome P-450 isozymes ( 10- 13). The activated 
epoxide forms covalent adducts with DNA, RNA, and 
proteins ( 14- 17). The reactive epoxide may be removed 
by conjugating with reduced glutathione (GSH) cata- 
lyzed by glutathione S-transferase and by the action of 
epoxide hydrolase to form AFB,-dihydrodiol. The var- 
ious polar metabolites can be eliminated by the for- 
mation of water-soluble conjugates with sulfate or glu- 
curonic acids ( 18-2 1 ). Several whole animal studies 
reveal dietary BHA as effectively reducing the in vivo 
AFB,-DNA binding that is accompanied by enhanced 
activity of glutathione S-transferase and UDP-glucu- 
ronyltransferase, and epoxide hydrolase (22-25). These 
studies substantiate the findings of Benson and co- 
workers (7-9). Therefore, the induction of detoxication 
enzymes by dietary BHA has been considered to play a 
central role in the long-term in vivo prevention of 
cancer (26, 27). In the search for factors modulating 
AFB, binding to DNA in vitro, Bhattacharya and co- 
workers reported that BHA and many other com- 
pounds inhibited microsome-mediated binding of AFB I 

to added calf thymus DNA in a cell-free system (28) 
and the formation of AFB1-8,9-epoxide (29). These 
findings suggest that the mechanism of action of BHA 
and other phenolic antioxidants may not only involve 
the induction of detoxifying enzymes but may also 
cause alterations of the microsomal monooxygenase 
system. To examine the initial and direct effect of BHA 
on oxidative metabolism of AFB, without the influence 
of dietary induction of detoxifying enzymes, we have 
employed the isolated rat hepatocyte system to study 
the formation of AFB, adducts and polar metabolites 
in the presence and absence of added BHA. 

Materials and Methods 
Chemicals. All chemicals were of the highest pu- 

rity available. Phenol (redistilled nucleic acid grade) 
was from Bethesda Research Laboratories, Bethesda, 
MD. Aflatoxins (AFB,, AFP,, AFM,, and AFQ,), BHA 

(90% 3-tert isomer and 10% 2-tert isomer), BHT, a- 
tocopherol acetate (TPA), GSH, 1,2-epoxy-3,3,3-tnch- 
loropropane (TCPO), CDNB, p-nitroanisole, 4-nitro- 
phenol, UDP-glucuronic acid, @-glucuronidase, sulfat- 
ase, glucose-6-phosphate dehydrogenase, glucose 6- 
phosphate, NADP+, RNase A, yeast RNA, calf thymus 
DNA, proteinase K, metyrapone, ultra-pure sucrose, 
and bovine serum albumin were from the Sigma Chem- 
ical Co., St. Louis, MO. [3H]AFBI (15-30 Ci/mmol) 
was obtained from Moravek Biochemical, Brea, CA. 
OCS, ACS I1 scintillants, and NCS tissue solubilizer 
were from Amersham Corp., Arlington Heights, IL. 
SKF 525A was a gift of the Smith mine & French 
Laboratories, Philadelphia, PA. Silica gel plates and 
spectro grade solvents were obtained from Fisher Sci- 
entific Co. (Pittsburgh, PA). Other chemicals were pur- 
chased from sources as previously described (30). 

Animals. Male Wistar rats (250-300 g) were sup- 
plied by Harlan Co., Indianapolis, IN. They were main- 
tained on a 12-hr light/dark cycle and allowed water 
and Purina Chow ad libitum. Hepatocytes were pre- 
pared according to the procedure of Berry and Friend 
(3 1) with modifications as described previously (30). In 
experiments using livers, animals were anesthetized 
with Ketaset (16 mg/100 g body wt, and livers were 
perfused in situ with 0.1 M sodium phosphate buffer 
(pH 7.4), excised, and rinsed in perfusing buffer con- 
taining 0.25 M sucrose (SSP buffer). 

Incubations. In experiments employing intact hep- 
atocytes or isolated microsomes, conditions were simi- 
lar to those in reports published previously from this 
laboratory (30, 32). In the present study, hepatocytes 
(25 x lo6 cells) were incubated in a final volume of 50 
ml. Cells or microsomes were preincubated with various 
agents for 15 min before the addition of [3H]AFBI. 
After incubation, aliquots of the cell suspension were 
removed for determination of cell numbers, cell viabil- 
ity, and cellular content (total and bound) of [3H]AFBI 
as described (30). The remaining suspension was used 
to isolate various subcellular fractions, to determine 
AFB,-DNA and -RNA adducts, and to study the oxi- 
dative metabolism of AFB,. 

Isolation of Microsomal and Cytosolic Fractions. 
In experiments employing intact hepatoctyes, cells were 
washed, packed, and resuspended in 5.0 ml of isolation 
buffer containing 0.25 M sucrose/l mM EDTA/2 mM 
Tricine (pH 7.6) and sonicated for 45 sec at 45 W in 
three 15-sec bursts at 4°C in a Sonifier cell disrupter 
(Heat-system, model W185). The volume of the cell 
lysate was then brought to 10 ml and centrifuged for 
10 min at 400g; then the supernatant was centrifuged 
for 10 min at 10,OOOg and again for 60 min at 105,OOOg 
The pellet was taken as microsomes and the superna- 
tant was taken as cytosolic fraction (33). In experiments 
employing intact liver, livers were homogenized in 6 
vol of SSP buffer with six strokes of a motor-driven 
Teflon-glass Potter-Elvehjem homogenizer. The ho- 
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mogenate was filtered through four layers of cheesecloth 
and centrifuged twice at 9770g for 15 rnin at 4"C, with 
discarding of the pellets each time. The resulting super- 
natant fraction was centrifuged for 60 rnin at 105,OOOg; 
the microsomal pellet was resuspended in SSP buffer 
and the supernatant was taken as cytosolic fraction. 

Estimation of AFB, Binding to DNA and RNA. 
After incubation, hepatocytes (25 X lo6 cells) were 
packed, washed, and resuspended in fresh incubation 
buffer. Total nucleic acid fraction containing both DNA 
and RNA was extracted with phenol-chloroform, pre- 
cipitated by ethanol, and dissolved in 0.1 M sodium 
acetate (pH 5.0); then, radioactivity was determined. 
DNA was isolated according to the method described 
by Mathew (34) after incubation with RNase A and 
proteinase K to remove RNA and protein. The radio- 
activity of [3H]AFB1 present in the DNA was deter- 
mined. The difference of [3H]AFBI radioactivity be- 
tween total nucleic acid fraction and DNA was taken 
as [3H]AFBI bound to RNA. 

Microsome-mediated Activation of AFB,. Liver 
microsomes (5.0 mg) were incubated for 5 min with 
various agents before the addition of [3H]AFBI. The 
incubation mixture contained an NADPH-generating 
system (glucose 6-phosphate, 3.4 mM; glucose-6-phos- 
phate dehydrogenase, 10 units; NADP+, 0.5 mM) in a 
final volume of 5.0 ml of 0.1 M sodium phosphate 
buffer (pH 7.4). After 60 min, 50 p1 of incubation 
mixture were removed and added to 10 ml of 10% 
trichloroacetic acid. The acid-insoluble radioactivity 
was determined by liquid scintillation spectrometry 
(3 3). The remaining microsomal incubation mixture 
was extracted with chloroform as described below to 
study the oxidative metabolism of AFB,. 

Isolation, Separation, and Identification of Var- 
ious Oxidative Metabolites of AFB,. Hepatocytes (50 
x lo6 cells) were washed twice, packed, and resus- 
pended in 4.0 ml of isolation buffer (pH 7.6). The cell 
suspension was extracted twice, each time using 6.4 ml 
of chloroform. The chloroform extracts were quantita- 
tively removed and evaporated to dryness. This extract 
is called CE- 1 and contains unconjugated AFB, and its 
metabolites. The aqueous fraction was adjusted to pH 
5.0 with 0.4 M sodium acetate/acetic acid buffer, sim- 
ilar to the procedure described by Wei et al. (35). The 
mixture was centrifuged at 17,400g for 15 min to 
remove any precipitates. The supernatant was incu- 
bated at 37°C overnight ( 16- 18 hr) with P-glucuroni- 
dase (48,000 units) and sulfatase (1,700 units). The 
incubation mixture was again centrifuged and the su- 
pernatant was extracted with chloroform as described 
above. This extract is called CE-I1 and contains AFB, 
metabolites derived from their glucuronide and sulfate 
conjugates. The aqueous fraction was then acidified 
with HC1 to 0.2 N and heated in a boiling water bath 
for 2 hr. The acid hydrolysate was extracted with chlo- 
roform as described above. This extract is called CE-111 

and represents mercapturate conjugates. The remaining 
aqueous phase contains AFBl-GSH conjugate (35). The 
chloroform extracts were quantitatively removed and 
dried, and the residues were dissolved in 100 pl of 
methanol. The metabolites were separated by thin-layer 
chromatography (TLC) on precoated silica gel plates 
(20 X 20 cm, Kodak) using chloroform/methanol(95:5) 
as the solvent system (36). Each lane of the plate was 
cut into 0.5-cm slices and each slice was placed into a 
counting vial. The radioactivity was determined by 
liquid scintillation spectrometry. The various aflatoxins 
were identified by their Rf values with authentic stand- 
ards. The Rfvalues for AFP,, AFM,, AFQ,, and AFB, 
were 0.26,0.55,0.78, and 0.87, respectively. Using [3H] 
AFB, standard, the recovery of radioactivity after chlo- 
roform extraction, reconstitution and TLC separation 
was 42 f 13%, the mean & SD of nine experiments. 
Radioactivities were presented as lo4 dpm/ lo6 cells 
without correction for nonrecoverable radioactivity. 

Determination of Enzyme Activities. Glutathione 
S-transferase activity of the cytosolic fraction isolated 
from hepatocytes incubated with and without BHA was 
determined with CDNB and glutathione as substrates. 
The initial rates of the thioether formation were meas- 
ured at 340 nm in a Gilford recording spectrophotom- 
eter at 25"C, according to the procedure described by 
Habig and Jakoby (37). Microsomal UDP-glucuronyl- 
transferase activity was determined using 4-nitrophenol 
and UDP-glucuronate as substrates, as described by 
Burchell and Weatherill (38). p-Nitroanisole O-demeth- 
ylase activity present in the microsomal fraction was 
determined according to a modification of the method 
of Kato and Gillette (39), which measures the conver- 
sion of p-nitroanisole to p-nitrophenol. The molar ex- 
tinction coefficient is 18.75 x lo3 for nitrophenol at 
404 nm. 

Analytical Methods. Cell concentrations and via- 
bility were determined in an American Optical Neu- 
bauer Hemacytometer as described previously (30). 
Protein was assayed by the method of Lowry et al. (40). 
DNA and RNA were determined as described previ- 
ously (4 1). 

Results 
Effect of BHA on lntracellular Content and Bound 

AFB,. The influence of BHA and various compounds 
on the cellular content and bound form of AFB, is 
shown in Table I. Hepatocytes (0.5 X lo6 cells/ml) were 
incubated with various agents for 15 rnin before the 
addition of [3H]AFBI to a final concentration of 50 
nM, and the incubation was continued for another 60 
min. The untreated cells contained 3.4 & 0.5 pmol/106 
cells of AFB1, and 1.4 iz 0.2 pmol/106 cells of AFB, 
were present as the bound form. At the concentrations 
tested, KCN, TPA, and BHT had no significant effect. 
The lack of inhibition by TPA was similar to the lack 
of effect with the microsome-mediated binding of [3H] 
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AFB, to added calf thymus DNA (28). KCN at 2 mM 
showed no effect on AFB, content and binding, sug- 
gesting that AFB, uptake and binding to macromole- 
cules were not energy dependent. The effects of TCPO, 
GSH, metyrapone, and SKF 525A on the AFB, forms 
were similar to our previous findings (30,4 1 ), indicating 
that hepatocytes isolated from untreated animals were 
capable of metabolizing AFB,. The lack of effect by 
BHT on the total AFB, content and bound form indi- 
cates that metabolism of BHA and BHT in isolated 
hepatocytes is different. In microsome-mediated acti- 
vation of AFB, in vitro, Bhattacharya and co-workers 
reported that BHT, at 0.1 mM, decreased the formation 
of the AFBI-DNA adduct (28) and AFBl-8,9-epoxide 
(29) to 27.8% and 26.2% of the control, respectively. 
In rats receiving BHT (0.5%) in the diet, Cha and Heine 
(42) observed elevations of cytochrome P-450 (2.1- 
fold), NADPH-cytochrome c reductase ( 1.5-fold), epox- 
ide hydrolase (5.3-fold), UDP-glucuronyltransferase 
(2.5-fold), and GSH-transferase (2.8-fold). A closer ex- 
amination of the effect of phenolic antioxidants on 
AFB, activation in a cell-free system (28, 29), in intact 
animals (22-25), and in isolated hepatocytes (Table I) 
reveals that different cellular processes are involved. 

Effect of Various Concentrations of BHA on AFB, 
Activation. It is known that oxidative metabolism of 
AFB, is catalyzed primarily by microsomal cytochrome 
P-450 isozymes (13) and, to a lesser extent, by the 
nuclear (36) and mitochondria1 (43) enzyme systems. 
The formation of covalently bound AFB, to macro- 
molecules takes place at various cellular sites, and the 
extent of modification of cellular components may vary 
depending on the concentration of BHA. As shown in 
Figure 1, the cellular content and total bound form of 
AFB, decreased with increasing concentration of BHA, 
and at 0.5 mM BHA, 90% inhibition was observed. 
Examination of the formation of various AFB, adducts 

Table 1. Factors Affecting AFBl Content and Binding 
in Isolated Hepatocytes 

Relative changes of 
Incubation condition intracellular AFB, 

Content 1%) Bound (Yo) 
Complete 100" 100" 
+TCPO (0.5 rnM) 230' 300' 
+KCN (2.0 rnM) 92 1 04 
+TPA (1 .O rnM) 85 86 
+BHT (0.25 rnM) 79 86 
+GSH (0.25 rnM) 73 68 

+Metyrapone (1 .O mM) 20' 28' 
+BHA (0.25 rnM) 35b 216 

+SKF 525A (50 pM) gb 96 

The 100% values represents 3.4 f 0.5 and 1.4 & 0.2 pmol/l O6 cells 
of the total and bound forms of AFB,, the mean & SD, from four 
experiments, respectively. 

P < 0.05. 

(Fig. 1, inset) showed that BHA, at 0.25 mM, inhibited 
the formation of DNA and RNA adducts by 82% and 
79%, respectively. When the formation of AFB,-protein 
adduct was calculated, a similar inhibition was also 
noted. These data suggest that BHA may prevent either 
the formation of the Am,-epoxide extranuclearly or its 
nuclear translocation or both. Based on the total bound 
form of AFB, (Fig. 2), the EDso of BHA to inhibit AFB, 
activation in isolated hepatocytes was estimated to be 
40 pM. Similar studies were conducted with SKF 525A 
and metyrapone, inhibitors of cytochrome P-450 en- 
zymes; the EDso values for SKF 525A and metyrapone 
were 9 pM and 280 pM, respectively. BHA produced a 
stronger inhibition than metyrapone and weaker inhi- 
bition than SKF 525A on AFB, activation. BHA be- 
haved analogously to both SKF 525A and metyrapone, 
suggesting that BHA prevents the formation of A m I -  
8,9-epoxide by modulating the liver cytochrome P-450 
enzymes during the incubation of hepatocytes. 

Effect of BHA on Microsomal Activities. Employ- 
ing microsomes isolated from untreated rats, the in 
vitro microsome-mediated AFB I activation measured 
as acid-insoluble radioactivity was significantly inhib- 
ited (27.3% of the control) by 0.25 mM BHA (Table 
11). This finding is similar to that of Bhattacharya et al. 
(28), who reported that binding of AFB, to added DNA 
was 16% and 2% of the control with BHA at 0.1 and 
0.5 mM, respectively. The cell-free, microsome-me- 
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Figure 1. Effect of BHA on AFB, content and binding to macromol- 
ecules in isolated hepatocytes. Incubation conditions were similar to 
those in Table I. At each BHA concentration, AFB, content (0) and 
bound AFB, (0) represent the average of at least five experiments, 
and the bar indicates the SE. In the inset, data presented are mean 
f SD from four experiments. 
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diated AFBl activation was also inhibited by metyra- 
pone. In addition, the microsomal p-nitroanisole 0- 
demethylase activity was clearly inhibited greater than 
60% by BHA (Table 11). As depicted by the Dixon plot 
in Figure 3, BHA is a noncompetitive inhibitor of p- 
nitroanisole-O-demethylease, and the K, was estimated 
to be 90 pM. The data obtained from intact hepatocytes 
(Fig. 1) and isolated liver microsomes (Table I1 and Fig. 
3 )  suggest that either BHA or its metabolite interacts 
with the microsomes and causes changes in the micro- 
somal monoxygenase activity. 

Effect of BHA on Other Oxidative Metabolites of 
AFB,. The hydroxylated (AFMI and AFQ,) and de- 
methylated (AFPl) derivatives are the products of oxi- 
dative biotransformation of AFBl by the cytochrome 
P-450 enzymes. These metabolites are released from 
the cell as such or are conjugated as glucuronides, 
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Figure 2. Concentration-dependent inhibition of AFB, activation by 
SKF 525A, BHA, and metyrapone in isolated hepatocytes. Incubation 
conditions were similar to those in Table I. Data presented are the 
average of two to three experiments. 0, SKF 525A; 0, BHA; X, 
metyrapone. 

sulfates, or glutathione conjugates. The conjugates can 
be hydrolyzed by digestion with enzymes or 2 N HCI 
and extracted with chloroform (35). The remaining 
aqueous phase contains, among others, the AFBI-GSH 
conjugate (44). As depicted in Table 111, CE-I showed 
a significant increase of [3H]AFBl radioactivity (2.4- 
fold) in BHA-treated cells, whereas the water-soluble 
fraction contained only 25 % of the radioactivity present 
in the untreated cells. CE-I1 and CE-I11 fractions exhib- 
ited no significant differences between untreated and 
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Figure 3. Dixon plot for p-nitroanisole O-demethylase activity at five 
substrate concentrations in the presence of increasing amounts of 
BHA. Each value represents the mean of four experiments from 
microsomes pooled from 12 rats. Concentrations of substrate (mM) 
0, 0.26; 0, 0.51; X, 1.53; a, 3.06; and A, 6.13. V, initial reaction 
velocity expressed as nmol of p-nitrophenol formed/min/mg of micro- 
soma1 protein. 

Table II. Effect of BHA and Metyrapone on AFB, Activation and O-Demethylase Activity in Isolated Liver 
Microsomesa 

Microsomal incubation 
system 

AFB, Activationb 

protein) 
(pm0m.I 

p-Nitroanisole" 
0- 

Demethylase 
(pmol/min/mg) 

+None 
+BHA (0.25 mM) 
+Metyrapone (1 .O mM) 

2.2 f 0.2 (4) 
0.6 f 0.1 (4)* 
0.4 f 0.1 (4)* 

45.4 f 5.7 (6) 
15.3 f 7.7 (5)* 
29.1 f 5.6 (3)* 

a Data presented are mean +- SD from number of experiments given in parentheses; indicates P < 0.05. 
Final concentration of r3H]AFBI was 3.3 nM and the mixture was incubated for 60 min under 95% 02-5% C02. 
The microsomes were pretreated with or without BHA or metyrapone for 15 min at room temperature before the addition of the substrate, p- 

nitroanisole. The mixture was incubated for 40 min at 37OC under 95% 0,-5% CO,. 



BHA-treated cells. These results indicate that the for- 
mation of various conjugates in the liver cells was not 
enhanced by the antioxidant. To investigate further the 
unconjugated metabolites, CE-I fraction was concen- 
trated and metabolites were separated by silica gel TLC. 
As shown in Table IV, BHA reduced the relative pro- 
portion of unconjugated AFP,, AFM,, and AFQ, with 
an increase in AFB,. The radioactivity was expressed 
as lo4 dpm/106 cells; control values were 0.10, 0.06, 
0.02, and 0.37, and in the BHA-treated cells they were 
0.07, 0.04, 0.0 1, and 1.10, respectively, indicating that, 
while the biotransformation of AFB, to AFP,, AFM,, 
and AFQ was inhibited by 30-50%, the unmetabolized 
AFB, was accumulated almost 3-fold. This accumula- 
tion of AFB, could be accounted for by the 76% de- 
crease of AFB,-epoxide. When the epoxide was deter- 

Table 111. Influence of BHA on the Formation of 
Unconjugated and Conjugated Metabolites of AFB, in 

Isolated Hepatocvtesa 

Radioactivity (dpm x 1 04/1 O6 cells) 

extractsb Untreated BHA-treated 
hepatocyte hepatocyte 

Chloroform 

CE-I 

CE-Ill 0.33 f 0.1 1 (8) 0.13 f 0.08 (4) 
H,O-phase 2.5 f 0.80 (13) 0.61 f 0.37 (4y 

0.55 f 0.30 (21 j- 1.30 f 0.60 (1 I)* 
CE-II 0.17 f 0.08 (11) 0.13 f 0.06 (4) 

a Data presented are mean & SD from number of experiments given 
in parentheses; * indicates P < 0.05. Incubation conditions were 
similar to those in Table I. 

CE-I, chloroform extract before enzyme digestion, contains AFB, 
and unconjugated metabolites; CE-II, extract after enzyme digestion, 
contains glucuronide and sulfate conjugates; CE-Ill, extract after acid 
hydrolysis, contains mercapturate. Remaining H,O-phase contains 
AFBl-GSH conjugates (44). 

mined as bound AFB I by trichloroacetic acid-insoluble 
radioactivity (Fig. l), the untreated cell contained 1.40 
pmol/ 1 O6 cells of the bound form of AFB,, whereas the 
BHA (0.25 mM)-treated cells contained 0.34 pmol/106 
cell. The net decrease of AFB,-epoxide is 1.06 pmol, 
and it represents 48% of the decrease of AFB, content 
elicited by BHA treatment. These results further suggest 
that in intact hepatocytes, BHA seems to exert its 
inhibitory effect on the cytochrome P-450 enzymes; 
thus, it prevents the oxidative biotransformation of 
AFB, rather than the removal of reactive and toxic 
polar metabolites. 

Effect of BHA on Microsomal and Cytosolic En- 
zyme Activities. It is important to note that, since 
hepatocytes were isolated from untreated adult male 
rats, the effect of BHA on the activity of preexisting 
enzymes can be easily studied in the isolated hepato- 
cytes system without the influence of dietary induction 
of enzymes, as is frequently observed in whole animal 
studies (1, 2). As shown in Table V, BHA-treated 
hepatocytes did not show any changes of GSH-trans- 
ferase or UDP-glucuronyltransferase activity in the cy- 
tosolic and microsomal fractions after the cells were 
incubated with the antioxidant for 60 min at 37°C 
under 95% O2 and 5% C02. 

Discussion 
We have described the effect of BHA on AFB, 

metabolism and its binding to macromolecules in iso- 
lated hepatocyte of normal rat. This study demon- 
strated that in the absence of induction of detoxifying 
enzymes such as glutathione S-transferase and UDP- 
glucuronyltransferase, BHA reduced the formation of 
the reactive AFB I -epoxide. Consequently, various mac- 
romolecular AFB, adducts were greatly decreased. Sev- 

Table IV. Relative Level of Polar Oxidative Metabolites of AFB, in Untreated and BHA-Treated Hepatocvtes" 

Radioactivity ("/o of CE-l)b 
Treatment 

AFB, AFP, AFM, AFQi Unidentified 

Untreated hepato- 66.7 f 6.9 18.1 f 4.7 10.1 f 2.9 4.4 f 2.7 7.5 f 3.9 
(9) 

4.0 f 4.1 
cytes (1 7) 

cytes (1 0)  (11) (8) (1 0)  (11) 

(1 6) 
0.7 f 0.8 

(1 6) 
3.4 f 0.7* 

(1 6) 
5.4 f 3.5* BHA-treated hepato- 85.5 f 8.6* 

a Data presented are mean & SD from number of experiments given in parentheses; * indicates P < 0.05. 

Table Ill. 
CE-I, extract before enzyme digestion, contains AFB, and its unconjugated metabolites. The total radioactivity of CE-I fraction is given in 

Table V. Effect of BHA on the Preexisting Enzyme Activities during Hepatocyte Incubation" 

Incubation 
condition 

GSHS-Transferase UDP-glucuronyltransferase 
(nmol/min/mg) (nmol/min/mg) 

Control 49 + 6 1.2 & 0.2 
+BHA (0.25 mM) 48 5 5 1.2 f 0.2 

"Cells were incubated with or without BHA for 60 min before microsomal and cytosolic fractions were isolated for the determination of 
transferase activities. Data presented are mean + SD for four experiments. 
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era1 mechanisms may be postulated to explain the 
observed protective effect of BHA. As an antioxidant, 
BHA may function as a free radical scavenger or may 
react with toxic intermediate as observed with other 
phenolic antioxidants (45). It is unlikely that a free 
radical is involved in the AFB, activation since TPA, a 
well known free radical scavenger (46), was ineffective 
in reducing AFB, content and binding in isolated hep- 
atocytes (Table I) and in microsome-mediated binding 
of AFBl to calf thymus DNA (28). Another possible 
explanation could be that BHA increases the liver GSH 
level with GSH conjugating with the AFB,-epoxide. It 
is also unlikely that GSH plays a major role in isolated 
hepatocytes since only a 32% inhibition of AFB, acti- 
vation was observed in isolated hepatocytes (Table I). 
Furthermore, in BHA-treated cells, the formation of 
AFB, conjugates was not enhanced (Table IV). The 
lack of a major effect by GSH on AFB, activation in 
isolated hepatocytes reported from this laboratory (30) 
is in agreement with the results of Hayes et al. (47), 
who suggest that AFB, cytotoxicity studies in mono- 
layer rat hepatocytes is independent of the GSH-de- 
pendent mechanism involved in cytoprotection. It is 
possible that BHA selectively inhibits cytochrome P- 
450 isozymes to reduce the formation of AFB1-8,9- 
epoxide, consequently decreasing the availability of the 
reactive metabolites and their interaction with critical 
sites in DNA, RNA, or proteins. This possibility is 
supported by the following evidence: (i) results similar 
to those with BHA were obtained with known inhibitors 
of the cytochrome P-450 system, namely, metyrapone 
and SKF 525A (Tables I and 11, Fig. 2); (ii) there were 
decreases in the formation of hydroxylated (AFM, and 
AFQ,) and demethylated (AFP,) polar metabolites and 
the accumulation of unreacted AFB, (Tables I11 and 
IV); (iii) there was a lack of effect by BHA on preexisting 
glutathione S-transferase and UDP-glucuronyltransfer- 
ase (Table V) and on the level of conjugated forms of 
AFB, metabolites (Tables I11 and IV); and (iv) there 
was inhibition of cytochrome P-450 activities such as 
0-demethylation and AFB, activation (Table I1 and 
Figs. 1 and 3). 

Although much information has been obtained 
about AFB, activation, formation of AFBI-DNA, and 
enzymes involved in AFB detoxication, considerably 
less is known about the process involved in the entry 
of AFB, into and transport through the cytoplasmic 
compartments, and the nuclear translocation of AFB,. 
Induction of detoxifying enzymes by dietary BHA may 
be partially responsible for the observed reduction of 
cytotoxicity and tumor formation in vivo (3-9, 22-25), 
but the studies with isolated hepatocytes and cell-free 
systems suggest that inhibition of microsomal, cyto- 
chrome P-450-dependent monooxygenases may also 
contribute to the effect of the phenolic antioxidant. 
Thus, BHA acts at multistages in modulating carcino- 
genesis. 

This work was supported by Biomedical Research Support 
Grant 1 SO7 RR07241-01 from the National institutes of Health. 
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