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ABSTRACT 

The metabolism of the carcinogenic mycotoxin aflatoxin B1 (AFB1) was 

examined in microsomes derived from human lymphoblastoid cell lines 
expressing transfected CYP1A2 or CYP3A4 complementary DNAs and in 
microsomes prepared from human liver donors (n = 4). Lymphoblast 
microsomes expressing only CYPIA2 activated AFB1 to AFBl-8,9-epoxide 
(AFB1-8,9-epoxide trapped as the glutathione, conjugate) at both 16/tM 
and 128/tM AFB1 concentrations, whereas activation of AFB~ to the ep- 
oxide in lymphoblast microsomes expressing only CYP3A4 was detected 
only at high substrate concentrations (128/~M AFBI). AFB~ epoxidation 
was strongly inhibited in CYPIA2 but not CYP3A4 lymphoblast micro- 
somes pretreated with furafylline, a specific mechanism-based CYPIA2 
inhibitor, whereas troleandomycin (TAO), a specific CYP3A inhibitor, 
strongly inhibited AFB~ epoxidation in CYP3A4 but not CYP1A2 micro- 
somes. Formation of the hydroxylated metabolite aflatoxin M~ (AFM1) 
was observed only in the CYPIA2 microsomes whereas aflatoxin Qt 
(AFQ0 production was observed exclusively in the CYP3A4 microsomes. 
Treatment of individual human liver microsomes (HLM) with TAO re- 
suited in an average 20% inhibition of AFB~-8,9-epoxide formation at 16 
/.tM AFB1, whereas incubation of HLM with furafylline at 16 pM AFBI 
resulted in an average 72 % inhibition of AFB1-8,9-epoxide formation at 16 
/tM AFBI. TAO was slightly more effective than furafylline in inhibiting 
AFB 1 epoxiclation at 128 pM AFB~ (46% inhibition by TAO, 32% inhibi- 
tion by furafylline) in HLM. AFBt-8,9-epoxide formation was inhibited by 
89% at low substrate concentration and 85% at high substrate concen- 
trations when HLM were inhibited with a furafylline/TAO mixture. AFM1 
formation was strongly inhibited by furafylline, whereas AFQt formation 
was strongly inhibited by TAO, in all HLM regardless of substrate con- 
centration. Analysis of R-6- and R-10-hydroxywarfarin activities (respec- 
tive markers of CYP1A2 and CYP3A4 activities) in the complementary 
DNA-expressed microsomes demonstrated that TAO was less effective 
than furafylline as a selective P450 isoenzyme inhibitor (60% inhibition of 
CYP3A4 by TAO as compared to 99% inhibition of CYP1A2 by furafyl- 
line). The rates of AFBI epoxidation and AFQt formation in HLM were 
increased 7- and 18-fold, respectively, at high v e r s u s  low substrate con- 
centrations. These results are consistent with the hypothesis that CYP1A2 
is the high-affinity P450 enzyme principally responsible for the bioactiva- 
tion of AFB~ at low substrate concentrations associated with dietary ex- 
posure. CYP3A4 appears to have a relatively low affinity for AFBt epoxi- 
dation and is primarily involved in AFBt detoxification through AFQI 
formation in HLM. The present study also extends the use of the selective 
CYP1A2 inhibitor furafylline to studies of AFBt oxidation in human liver 
microsomes. 

INTRODUCTION 

The aflatoxins comprise a structurally related group of mycotoxin 
metabolites which are present in a variety of human foodstuffs (1, 2). 
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These compounds are of concern in many parts of the world due to 
their widespread presence in the diet and their abilities to cause 
hepatocarcinogenesis in animals (3-5). Furthermore, there is epide- 
miological evidence that humans may be susceptible to aflatoxin- 
induced hepatocarcinogenesis (6-9). AFB13 is considered to be the 
most carcinogenic of these toxins and requires oxidation of the 8,9 
double bond to yield the biologically active AFBa-8,9-epoxide which 
can react with DNA. In addition to producing the reactive AFBa-8,9- 
epoxide, microsomal cytochrome P 450 (CYP)-mediated AFB1 oxi- 
dation also produces several hydroxylated metabolites including 
AFMI, AFP1, and AFQ1 which are considerably less toxic than the 
parent compound (10). Of these metabolites, AFQ1 and mUM1 are the 
major oxidative detoxification products of AFB1 in human liver mi- 
crosomes (11, 12). 

Currently, there is some ambiguity regarding the particular human 
liver P450 enzymes which are primarily responsible for the activation 
of AFB1 to the electrophilic AFB1-8,9-epoxide. It has been reported 
that at least five different human liver P450s, including 1A2,  2A6, 
2B7, 3A3, and 3A4, are capable of activating AFB1 to mutagenic 
metabolites and DNA-bound derivatives (13). Previous work in this 
laboratory suggests that the AFB~ biotransformation pattern in human 
liver microsomes is dependent upon the AFBa concentration present in 
microsomal incubations (14). Shimada and Guengerich (15) have 
reported that CYP3A4 is the dominant P450 enzyme responsible for 
the activation of AFB~ to AFBa-8,9-epoxide in human liver micro- 
somes. This observation was based upon studies involving correlation 
of activities in different human liver samples, chemical inhibition, 
immunoinhibition, and reconstitution with yeast recombinant 
CYP3A4. A subsequent report from our laboratory (11) indicated that 
CYP3A enzymes(s) are capable of AFB 1 oxidation at relatively high 
substrate concentrations, whereas (an)other P450 enzyme(s) are active 
at lower substrate concentrations in human liver microsomes. This 
observation is of critical importance since tissue concentrations of 
aflatoxin that result from dietary exposure are much lower than those 
commonly used for in vitro experiments. On the basis of bacterial 
mutagenesis studies using cell lines expressing human CYP1A2, 2A3, 
and 3A4 activities, Crespi et  al. (16) have suggested that human 
CYP1A2 is the high affinity P450 involved in the bioactivation of 
AFBI at low concentrations approaching those encountered in the 
human diet. Ultimately, if the form(s) of human P450 responsible for 
AFB1 activation could be identified, it may eventually be possible to 
identify individuals at high risk in populations where the incidence of 
aflatoxin-related hepatocarcinogenesis is relatively high and poten- 
tially develop chemopreventive strategies to reduce cancer incidence 
(17, 18). 

Furafylline [1,8-dimethyl-3-(2'-furylmethyl)xanthine] is a xanthine 
derivative that is an extremely potent and selective irreversible inhibi- 
tor of CYP1A2 in human liver (19, 20). In the present study we have 
used furafylline as an in vitro inhibitor of CYP1A2 to investigate the 

3 The abbreviations used are: AFB1, aflatoxin B1 (other aflatoxins are similarly des- 
ignated); P450, cytochrome P-450; cDNA, complementary DNA; TAO, troleandomycin; 
GSH, glutathione; HLM, human liver microsomal protein. 
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contribution of CYP1A2 to AFB1 oxidation in human liver micro- 

somes and in lymphoblastoid microsomes expressing human CYP1A2 

cDNA. By utilizing a high performance liquid chromatography-based 

assay of  AFBI  oxidation, we have quantitated the initial rates of  

formation of  the dominant  human liver microsomal  metabolites of 

AFB~, including AFB1-8,9-epoxide, AFM1, and AFQ~. We have uti- 

lized two AFB 1 concentrations, 16 and 128/xM, the former represent- 

ing nonsaturating concentrations approaching the upper limit of  di- 

etary exposure and the latter reflecting saturating levels under in v irro  

assay conditions. The results of  the present study support the hypoth- 

esis that C Y P I A 2  is the principal human P450 enzyme responsible for 

the activation of AFB1 to AFB1-8,9-epoxide at substrate levels more 

reflective of  dietary exposure, whereas CYP3A4 contributes to AFB1 

epoxidation at relatively high substrate concentrations. Our data also 

support the hypothesis that CYP1A2 is the principal P450 responsible 

for the oxidation of AFB1 to AFM~, and CYP3A4 is the predominant  

P450 involved in the conversion of  AFB1 to AFQ~, in human liver 

microsomes.  

M A T E R I A L S  AND M E T H O D S  

Chemicals. Optically pure (R)-(+)-warfarin was prepared by the method 
of West et al. (21). Pentadeuterated metabolites of warfarin for use as internal 
standards were synthesized as reported previously (22). Furafylline was syn- 
thesized by the method of Fordonal (23). Aflatoxins B1, M1, G~, and Q1; TAO; 
NADP; glucose 6-phosphate; glucose 6-phosphate dehydrogenase; GSH; bis- 
(trimethylsilyl)trifluoroacetamide; and buffers were purchased from Sigma 
Chemical Co. (St. Louis, MO). All solvents were of reagent grade and were 
obtained from J. T. Baker, Inc. (Philipsburg, NJ). 

Microsomal Preparations. Human liver samples were obtained from 4 
organ donors (3 male, I female, ages 15 to 50 years) through the University of 
Washington Hospital (Seattle, WA) and stored at -80~ until microsomal 
preparation. Selection of samples was based upon the criteria that their 
CYPIA2 and CYP3A4 enzymatic activities were generally representative of 
those comprising the University of Washington Liver Bank. The drug histories 
of the donors are as follows: 1, none; 1, phenytoin; 2, phenytoin and dexa- 
methasone. The method of preparation and storage of the human liver micro- 
somes used in this study has been described elsewhere (24). Protein concen- 
trations were determined using the bicinchoninic acid method of Smith et  al. 

(25) with bovine serum albumin as a standard. Human liver microsomal 
CYP3A4 and CYP1A2 (10 mg microsomal protein/ml) containing cytochrome 
P-450 reductase/cytochrome b5 were obtained from Gentest, Inc. (Woburn, 
MA). The approximate P-450 contents for the CYP1A2 and CYP3A4 micro- 
somes were 68 and 37 pmol/mg microsomal protein, respectively. The 
CYP1A2 and CYP3A4 microsomes were prepared by cDNA-mediated gene 
transfer into human B-lymphoblastoid cell lines (hlA2 for transfected human 
CYP1A2cDNA, h3A4v2 for CYP3A4 cDNA) (16). 

Chemical Inhibition of Microsomal CYP1A2 and 3A4 Activities. Pre- 
treatment of individual human liver microsomes or cDNA expressed micro- 
somes with either 200/~M furafylline, 40/zM TAO, 200/~M furafylline + 40/xM 
TAO, or dimethyl sulfoxide control vehicle (1.3% v/v) was carried out in the 
presence of a NADPH-regenerating system (1.0 mM NADP +, 0.5 unit/ml 
glucose-6-phosphate dehydrogenase, and 5.0 mra glucose 6-phosphate). The 
microsomal incubations (approximately 5 mg protein/ml) were allowed to 
incubate for 20 min, at which time aliquots were withdrawn for assay of AFB1 
oxidation and R-warfarin hydroxylation as described below. 

AFB Oxidation Assay. Microsomal oxidation of AFBa was carried out by 
a modification of the method of Ramsdell et al. (11). The incubation mixtures 
included 60/~l of inhibited or control microsomes from above (260-330 pmol 
of P-450 for human liver microsomes; 20 pmol of CYP1A2, or 11 pmol of 
CYP3A4 for lymphoblast microsomes), 40/xl (3-4 mg) of a 2:1 (v/v) mixture 
of rat/butylated hydroxyanisole-treated mouse cytosolic protein/ml (AFBr8,9- 
epoxide trap), 1.0 mM NADP +, 0.5 unit/ml glucose-6-phosphate dehydroge- 
nase, 5 mM glucose 6-phosphate, 5 mM GSH in PS-TNM (pH 7.6) in a volume 
of 240/.d. After a 10-min incubation, AFB1 in dimethyl sulfoxide (10/xl) was 
added to give a final concentration of 16 or 128 /xM as determined by UV 
spectrophotometric analyses of stock solutions (26). The reactions proceeded 

for 10 min prior to termination by addition of 250 /zl ice-cold methanol 
containing AFG~ standard (10 p,M). The samples were then vortexed, allowed 
to precipitate overnight at -20~ and then centrifuged at 10,000 • g for 5 min 
prior to analysis. The AFB1-8,9-epoxide (trapped as the GSH conjugate), AFQ1 
and AFM1 were quantified by reverse-phased high performance liquid chro- 
matography analysis as described previously (27). The formation of metabo- 
lites was linear for at least 10 min with protein concentrations of 50--720/xg 
human liver microsomal protein/incubation at both 16 and 128 /xu AFB1 
concentrations. 

Assay for Microsomal 6- and 10-(R)-Warfarin Hydroxylation. Previous 
work has shown that the 6- and 10-hydroxylations of the (R)-enantiomer of 
warfarin are catalyzed primarily by CYPIA2 and CYP3A4, respectively, in 
human liver (20, 28). Accordingly, the initial rates of 6- and 10-hydroxylation 
of (R)-warfarin were quantitated in the CYPIA2 and CYP3A4 lymphoblast 
microsomes to evaluate the extent of enzyme inhibition by TAO and furafyl- 
line. 6-(R)-Hydroxywarfarin activities were also quantitated in the 4 HLM 
samples to allow for correlation of residual CYP1A2 activities with AFB~ 
epoxidation in the presence or absence of furafylline. Microsomal incubations 
contained 100 mM potassium phosphate buffer (pH 7.4), 500 pmol of HLM 
P450 as determined spectrophotometrically (29), or approximately 30 pmol of 
1A2 or 3A4 microsomes, NADPH-regenerating system (described above), and 
1.0 mM (final concentration) (R)-warfarin in a final volume of 1.0 ml. The 
substrate and regenerating system were equilibrated at 37~ for 10 min prior 
to initiation of the reaction by the addition of inhibited or control microsomes. 
The assay was allowed to proceed for 30 min prior to termination by the 
addition of 650 /xl of acetone. Deuterated analogues of the hydroxylated 
warfarin metabolites were added to the vials and the samples were stored at 
-0~ After thawing, 2 ml of 1 M potassium phosphate buffer (pH = 4.6) were 
added to each sample vial, followed by 3 ml of diethyl ether:ethyl acetate (1:1) 
and vortexing. The samples were then centrifuged at 2500 rpm for 15 min and 
the organic phase was transferred to a clean culture tube. The aqueous layer 
was then reextracted and the organic phases combined. One g of magnesium 
sulfate was added to the organic phase and the samples were dried at room 
temperature for 2 h. The culture tubes were vortexed for 20 s, followed by 
centrifugation at 2500 rpm for 15 min. The organic phase was then transferred 
to concentration tubes and evaporated to dryness under nitrogen. Six hundred 
/~1 of freshly prepared saturated diazomethane in ether were added to dried 
sample residues prior to capping and vortexing. After 1 h, the solvent and 
excess diazomethane were evaporated under nitrogen and the samples were 
reconstituted in 50 p,120% bis(trimethylsilyl)trifluoroacetamide in acetonitrile. 
The tubes were then capped, vortexed, and left standing at room temperature 
overnight. Quantitation of hydroxylated warfarin metabolites was carried out 
by gas chromatography-mass spectrometry as described previously (30). 

R E S U L T S  

Microsomal Oxidation of AFBI by cDNA-expressed Human 
CYP3A4 and CYP1A2 Lymphoblast Microsomes. The initial rates 

of  formation of  AFB1-8,9-epoxide and hydroxylated AFBI  metabo- 
lites were examined in human lymphoblastoid cell lines stably ex- 

pressing the cDNAs for human CYP3A4 or CYPIA2.  As shown in 

Table 1, CYP1A2 microsomes activated AFB1 to the epoxide at both 

16 and 128/~M AFB1. The rate of AFB1 epoxidation increased only 

Table 1 Effect of TAO and furafylline on AFBz oxidation in microsomes derived from 
lymphoblastoid cell lines expressing human liver CYP1A2 cDNA 

pmol/min/nmol CYP450 a 
[AFB1 ] 

(/~M) Treatment AFB 1-8,9-epoxide AFM1 

128 

Control 456 • 28 (100) 132 +- 15 (100) 
TAO 471 --- 15 (104) 132 + 15 (100) 
Furafylline BDL b (<11) BDL (<37) 
TAO + furafylline BDL (<11) BDL (<37) 

Control 1176 _+ 44 (100) 265 • 15 (100) 
TAO 1015 _+ 44 (86) 279 • 59 (106) 
Furafylline 74 __ 29 (6) BDL (<18) 
TAO + furafylline 132 +_ 29 (11) BDL (<18) 

a Mean --- SEM of triplicate incubations with mean percentage of residual activity in 
parentheses. 

b BDL, value below the assay limit of detection (49 pmol/min/nmol P450). 
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2.6-fold when the substrate concentration was increased 8-fold [456 
pmol/min/nmol P-450 at 16 p,M AFBt v e r s u s  1176 pmol/min/nmol 
P-450 at 128 p,M A F B  1 (Table 1)]. A F M 1  formation was observed in 
the CYP1A2 microsomes at both AFB1 concentrations and was in- 
hibited below assay detection limits (49 pmol/min/nmol CYP1A2) by 
furafylline pretreatment (Table 1). A F Q  1 formation was not observed 
in the CYP1A2 microsomes. 

In contrast to the data observed for the CYP1A2 microsomes, A F B 1  

epoxidation by microsomes obtained from human lymphoblastoid 
cells stably expressing human CYP3A4 cDNA was observed only at 
the 128 p,M AFB1 concentration [analytical limits of detection of the 
GSH-AFBa-8,9-epoxide conjugate in cDNA-expressed CYP3A4 mi- 
crosomes was 90 pmol/min/nmol CYP3A4 (Table 2)]. TAO strongly 
inhibited but did not abolish, AFB1 epoxidation (Table 2). As ex- 
pected, furafylline pretreatment did not affect AFB1 epoxidation in the 
CYP3A4-expressing microsomes (Table 2). A F Q  1 formation was ob- 
served in CYP3A4 microsomes at both substrate concentrations, and 
the rate of AFQ~ production increased by a factor of 18.5 at the high 
(128 p,M) substrate concentration (Table 2), suggesting a relatively 
high Km for A F Q  1 formation by CYP3A4. The extent of inhibition by 
TAO at the high substrate concentration was similar for AFB1 epoxi- 
dation (68% inhibition) and A F Q  1 production [72% inhibition (Table 
2)]. AFB1 epoxidation was inhibited by more than 89% by furafylline 
pretreatment and was generally unaffected by TAO pretreatment. TAO 
pretreatment inhibited 60% of the CYP3A4 activity in the human 
cDNA-expressed CYP3A4 microsomes (Table 3), consistent with pre- 
vious reports of 40--74% inhibition of CYP3A by TAO in human liver 
microsomes as measured by lovastatin (31) and nifedipine metabolism 
(32), both of which are highly correlated to CYP3A enzymes in 
human liver microsomes (31, 32). In contrast, furafylline pretreatment 
of microsomes resulted in 99% inhibition of CYP1A2 activity in 
human cDNA-expressed CYP1A2 microsomes (Table 3). 

Effect of Furafylline and TAO on AFBI Epoxidation by Human 
Liver Microsomes. To specifically address the potential role of 
CYP1A2 in the activation of AFB~ in human liver microsomes, the 
effect of furafylline pretreatment on the initial rate of microsomal 
AFB1 epoxidation was examined. At 16 /XM AFB~ concentration, 
striking inhibition of AFBa epoxidation was observed in microsomal 
samples which were pretreated with furafylline (Fig. 1). Inhibition of 
AFBa epoxidation by furafylline ranged from 53% (HLM 122) to 90% 
(HLM 114; mean, 72%) at low substrate concentrations. Inhibition of 
AFB1 oxidation by furafylline was also observed at high substrate 
concentrations [128 /XM AFB1 (Fig. 2)], although the effect was less 
pronounced than observed at 16 /XM AFB1 [25% to 46% inhibition; 
mean, 32%]. Inhibition of CYP1A2 activity [(R)-6-hydroxywarfarin 

Table 2 Effect of TAO and furafylline on AFB1 oxidation in microsomes derived from 
lymphoblastoid cell lines expressing human liver CYP3A4 cDNA 

pmol/min/nmol P450 a 
[AFB1] 
(p,M) Treatment AFB 1-8,9-epoxide AFQ 1 

128 

Control BDL b 324 -+ 108 (100%) 
TAO BDL BDL (<28%) 
Furafylline BDL 243 • 54 (75) 
TAO+ BDL BDL (<28%) 
Furafylline 

Control 1000 ___ 18 (100) 6000 • 162 (100) 
TAO 324 • 189 (32) 1676 --+ 135 (28) 
Furafylline 1081 • 162 (108) 5946 _ 189 (99) 
TAO+ 270 +-- 135 (27) 1622 • 54 (27) 
FurafyUine 

'~ Mean + SEM of triplicate incubations with mean percentage of residual activity in 
parentheses. 

b BDL, value below the assay limit of detection (90 pmol/min/nmol P450) using 
CYP3A4 microsomes. 

Table 3 Effects" of furafylline and TAO on (R)-warfarin hydroxylation in microsomes 
derived from lymphoblastoid cell lines expressing either human CYPIA2 or CYP3A4 

pmol/min/nmol P450 a 

(R)-6-Hydroxylation (R)-10-Hydroxylation 
[Warfarin] Treatment (CYP1A2) (CYP3A4) 

1 mM Control 456 (100) 208 (100) 
TAO 441 (97) 84 (40) 
Furafylline 6 (1) 211 (101) 
TAO + Furafylline 10 (2) 103 (49) 

a Values shown represent the mean of triplicate incubations with mean percentage of 
residual activity in parentheses. 

formation] by furafylline pretreatment of human liver microsomes 
ranged from 78% (HLM 122) to 94% [HLM 123; mean 87% (Table 
4)]. 

The involvement of CYP3A enzyme(s) in human liver microsomal 
AFB1 activation was examined by treating microsomes with TAO. 
Inhibition of A F B 1  epoxidation by TAO ranged from 8% (HLM 114) 
to 33% (HLM 125; mean, 20%) at 16 p,M AFB1 (Fig. 1) and from 32% 
(HLM 125) to 71% (HLM 122; mean, 46%) at 128 ~M AFB1 (Fig. 2). 
AFBI epoxidation in human liver microsomes preincubated with 
furafylline/TAO was inhibited averages of 89 and 85% at 16 and 128 
p,M AFB1,  respectively. Inhibition ofAFBI epoxidation by TAO at 128 
/zu AFBa was strongest in HLM 122 (Fig. 2), a sample with relatively 
low CYP1A2 activities (Table 4), whereas inhibition of AFB1 epoxi- 
dation by furafylline at 16 p,M AFB~ was most pronounced in HLM 
114 (Fig. 1), which displayed the highest CYP1A2 activity of our 
HLM samples (Table 4). 

Microsomal Oxidation of AFB1 to Hydroxylated Metabolites by 
Human Liver Microsomes. Other studies have suggested that 
CYP3A enzymes are principally responsible for the oxidation of AFB1 
to AFQ1 in human liver microsomes (11, 12). Consistent with this 
hypothesis, we observed strong inhibition of AFQm formation by TAO 
in our four HLMs. The inhibition of AFQ1 formation by TAO ranged 
from 50% (HLM 125) to 83% (HLM 114; mean, 67%) at 16/XM AFB1 
(Fig. 1) and from 77% (HLM 123) to 87% (HLM 114; mean, 81%) at 
128 /ZM AFB1 (Fig. 2). In contrast, furafylline pretreatment had a 
slight stimulatory effect on AFQ1 formation (Figs. 1 and 2). Initial 
rates of AFQ1 formation by uninhibited microsomes ranged from 143 
pmol/min/nmol P450 (HLM 114) to 521 pmol/min/nmol P450 (HLM 
123, mean 342 pmol/min/nmol P450) at low AFB1 concentrations, and 
from 3718 pmol/min/nmol P450 (HLM 114) to 7890 pmol/min/nmol 
P450 [HLM 123; mean, 5462 pmol/min/nmol P450 (Fig. 2)] at high 
substrate concentrations. 

Formation of the hydroxylated metabolite AFM1 was detected in 3 
of 4 HLMs at low substrate concentrations, and in all HLMs at high 
AFB1 concentrations (Fig. 1). The initial rates of AFM1 formation 
ranged from <7 pmol/min/nmol P450 (HLM 122) to 5 5  pmol/min/ 
nmol P450 (HLM 125; mean, 28 pmol/min/nmol P450, based upon 
upper bound of AFM1 detection in HLM 122) at low AFB1 concen- 
trations and from 56 pmol/min/nmol P450 (HLM 122) to 89 pmol/ 
min/nmol P450 [HLM 123; mean, 73 pmol/min/nmol P450 (Fig. 2)]. 
The ratio of the initial rates of AFB~-8,9-epoxide to AFM1 formation 
increased at high substrate concentrations [AFB1-8,9-epoxide:AFM1 
(5:1) at 16/xM AFBx and AFB1-8,9-epoxide:AFM1 (13:1) at 128 ~.LM 
AFB~ concentrations] whereas the ratio of the initial rates of AFB~- 
8,9-epoxide to AFQ1 formation decreased at high substrate concen- 
trations [AFB1-8,9-epoxide:AFQ1 (1:3) at 16 /.LM AFB1 v e r s u s  

AFBa:AFQ1 (1:6) at 128 p,M AFB~]. Furafylline pretreatment abol- 
ished all detectable AFMI formation at low substrate concentrations 
and strongly inhibited AFM1 formation at high AFB1 concentrations, 
whereas TAO did not affect AFMx formation (Figs. 1 and 2). 
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hibiting different kinetic characteristics. In the present study, we have 
utilized specific inhibitors and cDNA-expressed human P450s to 
evaluate the relative contributions of human CYP1A2 and CYP3A4 to 
both activation and detoxification of AFB1 at low substrate concen- 
trations more reflective of human dietary exposure. 

Role of Human CYP3A4 in Biotransformation of AFB1 

CYP3A4-mediated Detoxification of AFB to AFQ1. Biotransfor- 
mation of AFB1 to AFQ] is considered a detoxification reaction, 
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Treatment 
Fig. 1. Effect of TAO and furafyUine on the inhibition of the initial rates of AFB1- 

8,9-epoxide, AFM1, and AFQ~ formation in individual human liver microsomes at 16/~M 
AFB~. The assays were conducted in triplicate as described in "Materials and Methods" 
with an initial AFB~ concentration of 16 p,M. The rates of AFB~-8,9-epoxide, AFM~, and 
AFQ~ formation in the presence of inhibitors were calculated as a percentage of the rates 
under control conditions. Control values for AFB~ epoxidation in HLMs 114, 122, 123, 
and 125 were 257, 89, 142, and 113 pmol/min/nmol P450, respectively. Control values for 
AFM1 formation in HLMs 114, 122, 123, and 125 were 20, <7 (BDL*), 30, and 55 
pmol/min/nmol P450, respectively. Control values for AFQ1 formation in HLMs 114, 122, 
123, and 125 were 143, 425, 521, and 279 pmol/min/nmol P450, respectively. 

Table 4 CYP1A2 activity in human liver microsomes as measured by 
[R]-6-hydroxywarfarin formation a 

Treatment HLM 114 HLM 122 HLM 123 HLM 125 

Control 217 (100) 48 (100) 122 (100) 64 (100) 
TAO 204 (94) 46 (95) 115 (95) 68 (100) 
Furafylline 34 (16) 11 (22) 8 (6) 5 (7) 
TAO + furafylline 35 (16) 9 (18) 8 (6) 5 (7) 

a Data expressed as pmol R-6-hydroxywarfarin formed/min/nmol P450 for triplicate 
incubations, with percentage of residual activity in parentheses. 

DISCUSSION 

The oxidation of AFB1 in human liver microsomes appears to be a 
complex process which is controlled by multiple P450 enzymes ex- 
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25 
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Treatment 
Fig. 2. Effect of TAO and furafyUine on the inhibition of the initial rates of AFBr  

8,9-epoxide, AFM~ and AFQI formation in individual human liver microsomes at 128/zM 
AFB1. The assays were conducted in triplicate as described in "Materials and Methods" 
with an initial AFB1 concentration of 128 p.M. The rates of AFBr8,9-epoxide, AFM1, and 
AFQ~ formation in the presence of inhibitors were calculated as a percentage of the rates 
under control conditions. Control values forAFB1 epoxidation in HLMs 114,122, 123 and 
125 were 745, 951, 1004, and 967 pmol/min/nmol P450, respectively. Control values for 
AFM1 formation in HLMs 114, 122, 123, and 125 were 58, 56, 89, and 87 pmol/min/nmol 
P450, respectively. BDL*, rate of AFM1 formation was below the detection limit of 7 
pmol/mirgnmol P450 in the presence of inhibitor(s). Control values for AFQ1 formation 
in HLMs 114, 122, 123, and 125 were 3718, 6372, 7890, and 3867 pmol/min/nmol P450, 
respectively. 
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because AFQ 1 is a relatively poor substrate for secondary oxidation to 
the corresponding epoxide in human microsomes (12). In the current 
study, we observed a strong correlation between TAO inhibition of 
both CYP3A4 activity and AFQ, formation in HLMs. Our data are 
consistent with a previous report from this laboratory (11) and the 
report of Raney et al. (12), demonstrating that CYP3A4 is the primary 
human liver cytochrome P450 responsible for the oxidation of AFB1 
to AFQ 1. The hypothesis that oxidation of AFB1 to AFQ~ constitutes 
a potentially important pathway ofAFB 1 detoxification in human liver 
is further supported by our HLM data which showed an average of 10 
times the amount of AFQ~ versus AFB1-8,9-epoxide produced at both 
low and high AFB substrate concentrations, after epoxidation from 
CYPIA2 was eliminated by furafylline treatment (Figs. 1 and 2). 

The catalytic activity of CYP3A4 toward AFB1 does not appear to 
follow simple Michaelis-Menten kinetics. We have observed that an 
8-fold difference in substrate concentration from 16 to 128 p,M AFB1 

yields more than a proportional increase in AFQ1 formation in both 
HLM and eDNA-expressed CYP3A4 microsomes. Similarly, in three 
human livers at lower substrate concentrations (2.5 to 10 /XM) and 
higher protein (3.7 mg/ml) Raney et al. (12) observed increases in 
AFQ~ formation of 5- to 6-fold over a 4-fold increase in substrate 
concentration. These nonlinear kinetics of AFQ1 production suggest 
that AFB~ may be activating its own metabolism in these assay sys- 
tems through CYP3A4 stimulation. Multiple catalytic activities of 
different P450 isoenzymes, including CYP3A4, are stimulated by 
flavones and other compounds (15, 33, 34). It has been observed that 
in purified CYP3A4 preparations and liver microsomes the ratio of 
AFQ~ to AFB1-8,9-epoxide formation can be drastically altered at the 
expense of AFQ~ formation by the inclusion of 5,6-benzoflavone, 
although the total flux of AFB1 through the enzyme is only marginally 
affected (11, 12). In the presence of second allosteric modifiers such 
as 5,6-benzoflavone and AFB itself, Michaelis Menten kinetics would 
not be expected to apply, and meaningful extrapolation to the nano- 
molar substrate concentrations relevant to in vivo dietary exposure 
may be lost. The combination of the substrate concentrations used in 
these two studies (11, 12) indicates that the allosteric effect of AFB1 
may be more dramatic at higher AFB1 concentrations such that linear 
product formation may exist at substrate concentrations not yet ex- 
perimentally accessible. If this non-linear relationship for CYP3A4 
between substrate concentration and AFB1-8,9-epoxide and AFQ 1 

formation holds true for AFB~ concentrations encountered at dietary 
exposure levels, then our estimates of the relative contribution of 
CYP3A4 toward both AFB1 epoxidation and AFQ~ production at 16 
/*M AFB1 may well overestimate the contribution of CYP3A4 at 
dietary AFB~ concentrations. 

CYP3A4-mediated Activation of AFB1 to AFB1-8,9-epoxide. In 
the present study, microsomes from the lymphoblastoid cell line se- 
lectively expressing human CYP3A4 cDNA formed AFB1-8,9-epox- 
ide only at high substrate concentrations. The lack of measurable 
AFB~ epoxidation at low substrate concentrations was most likely a 
result of the low affinity of CYP3A4 microsomes for AFB1, along 
with the limitation of assay sensitivity for AFBrepoxide formation in 
the CYP3A4 microsomes (90 pmol/min/nmol CYP3A4 or 3.3 pmol/ 
min/mg protein). Regarding assay sensitivity, because the 
AFQl:AFB~-8,9-epoxide formation ratio in CYP3A4 microsomes at 
128 /*M AFB1 was 6:1 (table 3), we would have expected approxi- 
mately 54 pmol AFB1-8,9-epoxide formed/min/nmol CYP3A4 (based 
upon 324 pmol AFQ1 formed/min/nmol 3A4 divided by 6) if the 
AFQl:AFB1-8,9-epoxide formation ratios at 128/SM AFB~ were simi- 
lar at 16 /,M AFB1. 

In humans, at least four different P450 enzymes have been identi- 
fied in the CYP3A gene family. These isoforms have been designated 
CYP3A3 (P450 HLp, hPCN2), CYP3A4 (hPCN1), CYP3A5 

(hPCN3), and CYP3A7 (HLp2) (35). CYP3A3 and CYP3A4 are 98% 
identical in their cDNA-deduced amino acid sequences, whereas 
CYP3A5 displays 84% similarity to CYP3A4. Both CYP3A4 and 
CYP3A5 share similar catalytic activity toward the calcium-blocking 
drug nifidepine but exhibit distinct specificities for the hydroxylation 
of steroid hormones and cyclosporin (36). Aoyama et al. (13) showed 
that human CYP3A3 and CYP3A4, but not CYP3A5, were capable of 
activating AFB1 to mutagenic metabolites and that the extent of ac- 
tivation and production of mutagen-bound AFB1 derivatives was simi- 
lar for CYP3A3 and CYP3A4. We did not test the ability of other 
human liver CYP3A enzymes to oxidize AFB 1 in our assay system. 
Accordingly, any AFB1 oxidation observed using the CYP3A4 
cDNA-expressing lymphoblastoid microsomes would not have re- 
flected the potential contribution of CYP3A3. Because CYP3A5 is 
expressed in only 20% of adult populations and because CYP3A7 is 
expressed exclusively in human fetal liver (36, 37), it is likely that 
CYP3A3 and 3A4 are the two dominant CYP3A isozymes responsible 
for AFB1 oxidation in adult human liver microsomes in vitro at satu- 
rating substrate concentrations. 

Role of Human CYP1A2 in Biotransformation of AFB1 

Formation of AFM1 by CYPIA2. Dietary AFM 1 is approxi- 
mately 10% as carcinogenic as AFB1 in rats (38), and oxidation of 
AFB1 to AFM1 is probably an important route ofAFB1 detoxification 
in human liver (10). In the present study, AFM1 formation was not 
observed in CYP3A4 microsomes and was not sensitive to TAO 
inhibition in HLM. In contrast, furafylline pretreatment of HLM con- 
sistently inhibited AFM1 formation at both 16 and 128 /XM AFB1, 
suggesting that CYP1A2 is the primary HLM P450 responsible for 
AFM1 formation. Furafylline is a mechanism-based CYP1A2 inhibi- 
tor and does not affect other P450 isoforms such as 1A1, 2A6, 2C9, 
2D6, 2El and 3A4 (19, 20). The hypothesis that CYP1A2 is princi- 
pally responsible for AFM~ formation in HLM is supported by data 
from Raney et al. (12), who reported a high correlation (r = 0.89) 
between AFM~ formation and phenacetin O-deethylase activities, an 
indicator of CYP1A2 catalytic activity, in a panel of 10 HLMs. Fur- 
thermore, Walsh et al. (39) demonstrated that induction of human 
CYP1A enzymes by 2,3,7,8,-tetrachlorodibenzo-p-dioxin (TCDD) 
greatly increased the production of both AFB~-8,9-epoxide and AFM~ 
in cultured human epidermal cells. 

Formation of AFB-8,9-epoxide by CYP1A2. There is now little 
question that human CYP1A2 is capable of forming AFB1-8,9-epox- 
ide as well as AFM1. In the present study, AFBx 8,9-epoxidation by 
human liver microsomes was greatly reduced by furafylline at low 
AFB~ concentrations. Microsomes from human CYP1A2 eDNA-ex- 
pressing lymphoblastoid cells were also very effective at producing 
AFB1-8,9-epoxide, especially at low substrate concentrations. The 
relatively high rate of epoxide production at the low substrate con- 
centration (456 pmol/min/nmol P450 at 16 p,M AFB~), coupled with 
the apparent saturation of the rate of production of both AFB1-8,9- 
epoxide and AFM1 at the higher substrate concentration used in this 
study (8-fold increase in AFB~, 2-3-fold increase in epoxide and 
AFM1 production) are suggestive of a relatively low Km for these 
reactions. 

Supporting evidence for the important role of human CYP1A2 in 
the bioactivation of AFB1 at low substrate concentrations has been 
presented in mutagenesis studies (16). Crespi et al. (16) showed that 
human cell lines selectively expressing CYP1A2 were 3-6-fold more 
effective than those expressing CYP3A4 and 40-50-fold more effec- 
tive than CYP2A3 at activating AFB1 to mutagenic metabolites at low 
substrate concentrations. These authors also showed that CYP1A2/ 
Hyg cell lines showed a statistically significant mutagenic response 
after exposure to as little as 10 ng AFB1/ml, whereas 50 ng AFB~/ml 
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were necessary to mutagenize CYP3A4/Hol cells. CYPIA2/Hol cell 
lines, which expressed higher amounts of CYP1A2 protein than 
CYP1A2/Hyg lines, were also used in the previous study and were 
mutated by as little as 0.5 ng AFB1/ml. In addition, the CYP1A2 cell 
line was 1000-fold more sensitive to the cytotoxicity and mutagenicity 
of AFB1 than the parent cell line which did not express CYP1A2 (16). 

Relative Contributions of Human CYP3A4 and CYP1A2 in 
AFBI Activation 

It is apparent from the foregoing discussion that both CYP1A2 and 
CYP3A4 are capable of both activation and detoxification of AFB- 
epoxide in human liver. Our observations of AFB1-8,9-epoxide for- 
mation in human cDNA-expressed CYP1A2 microsomes at 16 p~M 
AFB1 and of extensive inhibition of AFB1 epoxidation by furafylline 
at 16/xM AFBa in human liver microsomes suggest that CYP1A2 may 
function as the high affinity human liver P450 primarily responsible 
for AFB1 activation at low substrate concentrations. Furthermore in- 
hibition of human CYP3A4 by TAO had relatively little effect on total 
AFB1 epoxidation in human liver microsomes at low AFB~ concen- 
trations. Because furafylline inhibition of CYP1A2 was relatively 
more effective than TAO inhibition of CYP3A, the inhibitory effects 
of TAO and furafylline on AFB~ epoxidation cannot be directly quan- 
titatively compared. Thus, furafylline-mediated inhibition of AFB 1 

activation more fully reflects the contribution of CYP1A2 towards 
AFBI oxidation than does TAO inhibition of CYP3A enzymes. The 
approximately 4:1 ratio of AFB~-8,9-epoxide to AFMa formed by 
microsomes expressing human CYP1A2 in our study (Table 1) further 
supports the hypothesis that in humans CYP1A2 is involved predomi- 
nantly in activation of AFB1. In addition, a previous study in this 
laboratory showed a high correlation (r e = 0.97) between AFM1 

production and AFB1-8,9-epoxide formation in 15 HLMs at 16 /XM 
AFBa, with a slope indicative of a 3:1 ratio of epoxide to AFM~ 
formation, over a 7-fold range in activity (40). 

Our observations of a predominant role for CYP1A2, relative to 
3A4, in AFB1 activation are in contrast to those of Guengerich et al. 
(12, 15, 41, 42), who concluded that CYP3A4 is the primary human 
cytochrome 450 involved in AFB~ epoxidation. Careful examination 
of the results from both groups leads to the conclusion that the source 
of this unfortunately substantial difference may well lie not in the data 
themselves but rather from the conclusions that were drawn from the 
data. Substantial agreement in conclusions appears to exist relative to 
the dominant role for CYP3A4 in the conversion of AFB1 to AFQ1 
and in the fact that 3A4 is also capable of producing AFBa-8,9- 
epoxide. We and others (16) have observed that CYP1A2 activates 
AFB1 more efficiently than CYP3A4 at low substrate concentrations. 
Also, it appears that CYP1A2 is "better behaved" kinetically than 3A4 
in that saturation kinetics of metabolite formation typical of Micha- 
elis-Menten kinetics are clearly observable. Furafylline irreversibly 
abolishes AFBa-8,9-epoxide and AFM~ formation from AFB1, and 
6-hydroxywarfarin from (R )-warfarin (20), indicating that any re- 
sidual activity in HLM must be caused by other enzymes. Because 
CYP3A4 is unaffected by furafylline (no change in rates or product 
ratios) and it clearly produces significant amounts of epoxide, 
CYP3A4 would appear to be the principle catalyst responsible for the 
balance of AFB1-8,9-epoxide formation in HLM. The fact that two 
enzymes are involved is further complicated because both exhibit 
large interindividual variability and because CYP3A4 exhibits non- 
linear kinetics indicative of substrate activation. Furthermore, we have 
observed no correlation between the activity levels of CYP1A2 and 
3A4 in microsomes prepared from human liver (n = 25) donors. 4 

4 Unpublished observations. 

The discrepancy between our findings and those of Guengerich et 
al. regarding the importance of CYP1A2 in AFBI activation may be 
explained in part by the source of human microsomes used in their 
studies and the lack of use of specific inhibitors of human CYP1A2. 
In the experiments of Raney et al. (12), the authors concluded that 
CYP1A2 did not play an important role in AFBI epoxidation because 
antibody inhibition studies with antihuman CYP1A antibody had little 
or no effect on AFB1-8,9-epoxide production. However, this particular 
experiment used only a single human liver sample, identified as HL 
110. Previous studies from that laboratory have shown that a sample 
identified as HL 110 exhibits very high CYP3A4-catalyzed nifidepine 
oxidase activity [10.8 nmol/min/nmol P450, or approximately 6 nmol/ 
min/mg protein (43)] and had the highest P450nf content (as quanti- 
tated by anti-CYP3A immunoblotting intensity) in a panel of ten 
human microsomes (44). Indeed, it was suggested that this sample 
contained as much as 60% of its total P450 as CYP3A4 or closely 
related forms which are inactivated by gestodene (43). On the as- 
sumption that their sample HL 110 is relatively low in CYP1A2 as 
compared to CYP3A4, anti-CYPIA antibody would not be expected 
to have a large effect on AFB-epoxide production. Because no positive 
controls were included in their CYP1A antibody inhibition study, it is 
also possible that their HL 110 did contain significant CYP1A2 cata- 
lytic activity, but the anti-P4501A antibody used was not inhibitory to 
CYP1A2. 

Forrester et aL (45), using immunoinhibition studies of human 
microsome-induced mutagenicity, demonstrated that human CYP3A4 
was often the predominant form of human P450 involved in the 
formation of mutagenic metabolites of AFB1, consistent with the 
hypothesis of Guengerich et al. However, Forrester et al. (45) also 
noted that anti-P4501A antibody was able to inhibit as much as 50% 
of AFBl-induced mutagenicity and was an effective inhibitor of 
AFBl-diol formation in most samples. A previous study in our labo- 
ratory showed that inhibition of AFB1 epoxidation in pooled human 
liver microsomes by anti-CYP3A was strongly dependent upon sub- 
strate concentration (11). In that study, inhibition ofAFB1 epoxidation 
by anti-human 3A IgG was not observed at 8 or 16/.ZM, whereas 45% 
of the epoxidation activity was inhibited at 124 /ZM. In contrast, the 
rate of AFQ1 formation was inhibited by 65-80% over the entire range 
of substrate concentrations tested (8--478/~M AFB1) using anti-human 
3A IgG. 

The AFQI:AFM 1 formation ratio in our samples at 16 /ZM AFB1 

averaged 21:1 (based upon upper limit of AFM1 detection of 7 pmol/ 
min/nmol P450 in HLM 122), suggesting that the pathway of 
CYP3A4-mediated conversion of AFBa to AFQ 1 contributes more to 
AFB~ inactivation in humans then does the conversion of AFB~ to 
AFM~. Data obtained from the cDNA-expressed CYP3A4 micro- 
somes, as well as the TAO inhibition data in HLM, also suggest that 
CYP3A4 probably plays a greater role in AFB1 detoxification (by 
means of AFQ1 formation) than in AFB1 bioactivation at low substrate 
concentrations. However, in one of our HLMs (HLM 114) the rate of 
AFB~ epoxidation exceeded the rate of AFQa formation at low sub- 
strate concentrations. HLM 114 exhibited the highest CYP1A2 activ- 
ity of our panel of four HLMs, underscoring the potential importance 
of individual variation in 1A2 and/or 3A4 content as determinants of 
the predominant pathway for AFB1 oxidation in human liver. We have 
previously observed that some other human liver microsomes form 
equal or greater amounts of AFB-epoxide, relative to AFQ1, at low 
substrate concentrations (11). 

Hepatic levels of CYP1A2 and CYP3A4 can vary widely in hu- 
mans. In one study, the amounts of CYP1A2 and 3A protein varied by 
two orders of magnitude among 36 normal liver samples (46). In 
addition to genetic variation, both CYP1A2 and CYP3A4 may be 
modified by environmental factors. For example, human liver 
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CYP3A4 levels can be modulated by a number of steroids, antibiotics, 
and barbiturates (47) whereas members of the human CYP1A family 
(including CYP1A2) are inducible by polycyclic aromatic hydrocar- 
bons such as those found in cigarette smoke or charcoal-broiled beef 
(48, 49). There is considerable evidence to suggest that these differ- 
ences in enzyme expression may contribute to an individual's overall 
risk from exposure to certain potential carcinogens. For AFB1 expo- 
sure, one would expect P450 form(s) which are most active at low 
AFB1 concentrations to be of importance for dietary exposures. Based 
upon our in vitro data it is possible that an individual exhibiting 
relatively high hepatic CYP1A2 content may be at greater risk to 
hepatocarcinogenesis from AFB1 exposure than a person with low 
CYP1A2 activities. However, such a hypothesis must also include 
consideration of individual differences in AFB~-8,9-epoxide inactiva- 
tion pathways (i.e., glutathione S-transferases) and DNA repair, which 
may affect human susceptibility to AFB~-induced hepatocarcinogen- 
esis. Because humans appear to have little or no hepatic GST activity 
toward AFB1-8,9-epoxide (50), the ratio of P450-mediated activation/ 
detoxification takes on greater importance. 

Recent studies have found that enzymatic epoxidation of AFB1 
yields exo- and endo-AFBl-epoxide stereoisomers (51, 52). The ep- 
oxide ring is positioned above the plane and trans to the 5a and 9t~ 
protons in the endo- stereoisomer, whereas the epoxide ring points 
below the plane and cis to the 5t~ and 9a protons in the exo-epoxide 
(51). Although the endo-epoxide is less susceptible to hydrolysis 
compared to the exo-conformation (51), the exo-epoxide is much more 
efficient at forming DNA adducts, and is much more mutagenic than 
the endo-epoxide. 5 Both isomers are produced by human liver micro- 
somes, although the exo-epoxide predominates (51). Mouse liver cy- 
tosol conjugates the exo-epoxide almost exclusively, whereas rat liver 
cytosol more efficiently conjugates both substrates, with the endo- 
epoxide serving as a better substrate (52). Thus, the use of a mixture 
of rat and mouse cytosols in our assay system allowed for efficient 
trapping of both exo- and endo-AFBl-epoxide GSH conjugates. Fur- 
thermore, any untrapped AFB1-8,9-epoxide would have been detected 
by the formation of AFBl-tris diol peaks by our chromatographic 
analyses. Since our assay system did not separate the two AFB1-8,9- 
epoxide stereoisomers, we cannot speculate as to whether CYP1A2 
and CYP3A4 produce both isomers or only one. This issue is the 
subject of ongoing research. 

In summary, both CYP3A4 and CYP1A2 are involved in the acti- 
vation of AFB1 to the carcinogenic AFB1-8,9-epoxide. CYP1A2 ap- 
pears to have a higher affinity for AFB1 and produces a higher ratio 
of activation (AFB~-8,9-epoxide) to detoxification (AFM1) products, 
relative to CYP3A4. However, CYP3A4 may be expressed in human 
liver at a much higher level than CYP1A2, such that in some indi- 
viduals, CYP3A4 may be the predominant source of AFB1-8,9-epox- 
ide at low substrate concentrations, even though CYP3A4 forms pre- 
dominantly a detoxification product, AFQx. Such differences in the 
apparent kinetics of these two P450s toward A F B 1  indicate that the 
most important determinant of individual susceptibility to AFBI may 
well be the level of expression of CYP1A2. Individuals with relatively 
high CYP1A2 expression may be at particular risk for AFBx-induced 
DNA damage, given the apparent lack of effectiveness of constitu- 
tively expressed human glutathione S-transferases to detoxify AFB1- 
8,9-epoxide. Inhibition of CYP1A2 may prove to be an effective 
means of chemointervention in AFBl-exposed populations. Con- 
versely, inhibition of CYP3A4 may produce an overall enhancement 
of the activation of AFB 1 to the epoxide in individuals who express 
significant amounts of CYP1A2 but may decrease activation in those 
individuals expressing very low amounts of CYP1A2. It must be 

T. Harris, personal communication. 

considered that while extrapolation of low dose in vitro data to dietary 
exposure of target human populations is of great importance, the 
expression of in vivo human toxicity is ultimately determined by a 
complex set of biological processes. 

107 

REFERENCES 

1. Groopman, J. D., and Donahue, K. E Aflatoxin, a human carcinogen: determination 
in foods and biological samples by monoclonal antibody affinity chromatography. J. 
Assoc. Anal. Chem., 71(Special Rep.): 861-867, 1988. 

2. Wogan, G. N. Assessment of exposure of aflatoxins. In: Host Environment Interac- 
tions in the Etiology of Cancer in Man, Vol 7, pp. 237-241. IARC Monographs on 
Cancer Research, 1973. 

3. Wogan, G. Aflatoxin carcinogenesis. In: H. Busch (ed.), Methods in Cancer Research, 
pp. 309-344. New York: Academic Press, 1973. 

4. Vesselinovitch, S. D., Mihailovich, N., Wogan, G. N., Lombard, L. S., and Rao, K. V. 
N. Aflatoxin B1, a hepatocarcinogen in the infant mouse. Cancer Res., 32: 2289- 
2291, 1972. 

5. Portman, R. S., Plowman, K. M., and Campbell, T. C. On mechanisms affecting 
species susceptibility to aflatoxin. Biochim. Biophys. Acta, 208: 487-495, 1970. 

6. Bulatao-Jayme, J., Almero, E. M., Castro, M. C. A., Jardeleza, M. T. R., and Salamat, 
L. A. A case-control dietary study of primary liver cancer risk from aflatoxin expo- 
sure. Int. J. Epidemiol., i i :  112, 1982. 

7. Groopman, 1. D., Cain, L. G., and Kensler, T. Aflatoxin exposure in human popula- 
tions: measurements and relationship to cancer. CRC Crit. Rev. Toxicol., 19:113-143, 
1988. 

8. Peers, E G., and Linsell, C. A. Dietary aflatoxins and liver cancer--a population 
based study in Kenya. Br. J. Cancer, 27.' 473---483, 1973. 

9. Peers, E, Bosch, X., Kaldor, J., Linsell, A., and Pluumen, M. Aflatoxin exposure, 
hepatitis B virus infection and liver cancer in Swaziland. Int. J. Cancer., 39: 545-553, 
1987. 

10. Eaton, D. L., and Ramsdell, H. S. Species and diet-related differences in aflatoxin 
biotransformation. In: D. Bhatnager (ed.), Handbook of Applied Mycology, Vol. 5, pp. 
157-182. New York: Marcel Dekker, Inc., 1991. 

11. Ramsdell, H. S., Parkinson, A., Eddy, A. C., and Eaton, D. L. Bioactivation of 
aflatoxin B1 by human liver microsomes: role of cytochrome P450 IIIA enzymes. 
Toxicol. Appl. Pharmacol., 108: 436-447, 1991. 

12. Raney, K. D., Shimada, T., Kim, D-H., Groopman, J. D., Harris, T. M., and 
Guengerich, E E Oxidation of aflatoxins and sterigmatocystin by human liver mi- 
crosomes: significance of aflatoxin-Q1 as a detoxication product of aflatoxin-B1. 
Chem. Res. Toxicol., 5: 202-210, 1992. 

13. Aoyama, T., Yamano, S., Guzelian, E S., Gelhoin, H. V., and Gonzales, E J. Five of 
12 forms of vaccinia vires-expressed human hepatic cytochrome P450 metabolically 
activate aflatoxin Ba. Proc. Natl. Acad. Sci. USA, 87: 4790-4793, 1990. 

14. Ramsdell, H. S., and Eaton, D. L. Species susceptibility to aflatoxin B1 carcinogen- 
esis: comparative kinetics of microsomal biotransformation. Cancer Res., 50: 615- 
620, 1990. 

15. Shimada, T., and Guengedch, E E Evidence for cytochrome P-450NF, the nifedipine 
oxidase, being the principal enzyme involved in the bioactivation of aflatoxins in 
human liver. Proc. Natl. Acad. Sci. USA, 86: 462-465, 1989. 

16. Crespi, C. L., Penman, B. W., Steimel, D. T., Gelboin, H. V., and Gonzalez, E J. The 
development of a human cell line stably expressing human CYP3A4: role in the 
metabolic activation of aflatoxin B1 and comparison to CYP1A2 and CYP2A3. 
Carcinogenesis (Lond.), 12: 255-259, 1991. 

17. Kensler, T. W., Egner, E A., Dolan, E M., Groopman, J. D., and Roebuck, B. D. 
Mechanism of protection against aflatoxin tumorigenecity in rats fed 5-(2-pyrazinyl)- 
4-methyl-l,2-dithol-3-thione (oltipraz) and related 1,2-dithol-3-thiones and 1,2-di- 
thol-3-ones. Cancer Res., 47: 4271-4277, 1987. 

18. Kensler, T. W., Groopman, J. D., Eaton, D. L., Curphey, T. J., and Roebuck, B. D. 
Potent inhibition of aflatoxin-induced hepatic tumorigenesis by the monofunctional 
enzyme inducer 1,2-dithiole-3-thione. Carcinogenesis (Lond.), 13: 95-100, 1992. 

19. Sesardic, D., Boobis, A. R., Murray, B. E, Murray, S., Segura, J., De La Torte, R., and 
Davies, D. S. Furafylline is a potent and selective inhibitor of cytochrome P450 1A2 
in man. Br. J. Pharmacol., 29: 651-663, 1990. 

20. Kunze, K. L., and Trager, W. E Isoform selective mechanism-based inhibition of 
human cytochrome P4501A2 by furafylline. Chem. Res. Toxicol., 6: 649-656, 1993. 

21. West, B. D., Preis, S., Schroeder, C. H., and Link, K. E Studies on the 4-hydroxy- 
coumarins. XVII. The resolution and absolute configuration of warfarin. J. Am. 
Chem. Soc., 83: 2676-2679, 1961. 

22. Hermodson, M. A., Barker, W. M., and Link, K. E Studies on the 4-hydroxycouma- 
rins. The synthesis of the metabolites and some other derivatives of warfarin. J. Med. 
Chem., 14: 167-169, 1982. 

23. Fordonal, S. Derives de la xanthine. Belg. Pat. No. 891.561, 1980. 
24. Rettie, A. E., Eddy, A. C., Heimark, L. D., Gibaldi, M., and Trager, W. E Charac- 

teristics of warfarin hydroxylation catalyzed by human liver microsomes. Drug 
Metab. Dispos., 17: 265-270, 1989. 

25. Smith, E IC, Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, E H., Proven- 
zano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J., and Klenk, D. C. Mea- 
surement of protein using bicinchoninic acid. Anal. Biochem., 150: 76-85, 1985. 

26. Busby, W. E, and Wogan, G. N. Aflatoxins. Chem. Carcinog., 2: 945-1136, 1984. 
27. Monroe, D. H., and Eaton, D. L. Comparative effects of butylated hydroxyanisole on 

hepatic in vivo DNA binding and in vitro biotransformation of aflatoxin BI in the rat 
and mouse. Toxicol. Appl. Pharmacol., 90: 401-409, 1987. 

28. Rettie, A. E., Korzekwa, K. R., Kunze, K. L., Lawrence, R. E, Eddy, A. C., Aoyama, 
T., Gelboin, H. V., Gonzalez, E J., and Trager, W. E Hydroxylation of warfarin by 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/1/101/2453774/crs0540010101.pdf by guest on 19 M

ay 2023



AFLATOXIN BI ACTIVATION BY HUMAN LIVER MICROSOMES 

human cDNA-expressed cytochrome P450: a role for P-4502C9 in the etiology of 
(S)-warfarin drug interactions. Chem. Res. Toxicol., 5: 54-59, 1992. 

29. Omura, T., and Sato, R. The carbon monoxide binding pigment of liver microsomes. 
I. Evidence for its hemoprotein nature. J. Biol. Chem., 239: 2370-2378, 1964. 

30. Bush, E. D., Low, L. K., and Trager, W. E A sensitive and species stable isotope assay 
for warfarin and its metabolites. Biomed. Mass Spectrom., 10: 295-298, 1983. 

31. Wang, R. W., Kari, E H., Lu, A. Y. H., Thomas, E E., Guengerich, E E, and Vyas, K. 
E Biotransformation of lovastatin. IV. Identification of cytochrome P450 3A proteins 
as the major enzymes responsible for the oxidative metabolism of lovastatin in rat and 
human liver microsomes. Arch. Biochem. Biophys., 290: 355-361, 1991. 

32. Fleming, C. M., Branch, R. A., Wilkinson, G. R., and Guengerich, E E Human liver 
microsomal N-hydroxylation of dapsone by cytochrome P4503A4. Mol. Pharmaeol., 
41: 975-980, 1992. 

33. Huang, M. T., Johnson, E. E, Muller-Eberhard, U., Koop, D. R., Coon, M. J., and 
Conney, A. H. Specificity in the activation and inhibition by flavenoids of benzo[a]- 
pyrene hydroxylation by cytochrome P450 isozymes from rabbit liver microsomes. J. 
Biol. Chem., 256: 10897-10901, 1981. 

34. Shimada, T., lwasaki, M., Martin, M. V., and Guengerich, E E Human liver micro- 
somal cytochrome P450 enzymes involved in the bioactivation of procarcinogens 
detected by umu gene response in Salmonella typhimurium TA1535/pSK1002. Cancer 
Res., 49: 3218-3228, 1989. 

35. Nelson, D. R., Kamataki, T., Waxman, D. J., Guengerich, E E, Estabrook, R. W., 
Feyereisen, R., Gonzalez, E J., Coon, M. J., Gunsales, I. C., and Gotoh, O. The P450 
superfamily: update on new sequences, gene mapping, accession numbers, early 
trivial names of enzymes, and nomenclature. DNA Cell. Biol., 12: 1-51, 1993. 

36. Aoyama, T., Yaman, S., Waxman, D. J., Lapenson, D. E, Meyer, U. A., Fischer, V., 
Tyndale, R., Inaba, T., Kalow, W., and Gelboin, H. V. Cytochrome P450 hPCN3, a 
novel cytochrome P450 IIIA gene that is differentially expressed in adult human liver. 
J. Biol. Chem., 264: 10388-10395, 1989. 

37. Komori, M., Nishio, K., Fulitana, T., Ohi, H., Kitada, M., Mima, S., Itahashi, K., and 
Kamataki, T. Isolation of a new human fetal liver cytochrome P450 cDNA clone: 
evidence for expression of a limited number of forms of cytochrome P450 in human 
fetal livers. Arch. Biochem. Biophys., 272: 219-225, 1989. 

38. Hsieh, D. P. H., Cullen, J. M., and Ruebner, B. H. Comparative hepatocarcinogenicity 
of aflatoxins B1 and M1 in the rat. Food Chem. Toxicol., 22: 1027-1028, 1984. 

39. Walsh, A. A., Hsieh, D. E H., and Rice, R. H. Aflatoxin toxicity in cultured human 
epidermal cells: Stimulation by 2,3,7,8-tetrachlorodibenzo-p-dioxin. Carcinogenesis 
(Lond.), 13:2029-2033, 1992. 

40. Eaton, D. L., Ramsdell, H. S., and Neal, G. E. Biotransformation of aflatoxins. In: 
D. L. Eaton, and J. D. Groopman (eds.), The Toxicology of Aflatoxins: Human 
Health, Veterinary and Agricultural Significance, pp. 45-72. New York: Academic 
Press, 1994. 

41. Guengerich, E E, and Shimada, T. Oxidation of toxic and carcinogenic chemicals by 
human cytochrome P450 enzymes. Chem. Res. Toxicol., 4: 391-407, 1991. 

42. Guengerich, E E, Raney, K. D., Kim, D. H., Shimada, T., Meyer, D. J., Ketterer, B., 
and Harris, I". M. Oxidation and conjugation of aflatoxins by human and experimental 
animals. Prog. Clin. Biol. Res., 374: 157-165, 1992. 

43. Guengerich, E E Mechanism-based inactivation of human liver microsomal cyto- 
chrome P450 IIIA4 by gestodene. Chem. Res. Toxicol., 3: 363-371, 1990. 

44. Guengerich, E E Oxidation of 17ct-ethynylestradiol by human liver cytochrome 
P450. Mol. Pharmacol., 33: 500-508, 1988. 

45. Forrester, L. M., Neal, G. E., Judah, D. J., Glancey, M. J., and Wolf, C. R. Evidence 
for involvement of multiple forms of cytochrome P-450 in aflatoxin B1 metabolism 
in human liver. Proc. Natl. Acad. Sci. USA, 87: 8306-8310, 1990. 

46. Guengerich, E E, and Turvy, C. G. Comparisons of levels of several human micro- 
somal cytochrome P450 enzymes and epoxide hydrolase in normal and disease states 
using immunochemical analysis of surgical liver samples. J. Pharmacol. Exp. Ther., 
256: 1189-1194, 1991. 

47. Combalbert, J., Fabre, I., Fabre, G., Dalet, I., Derancourt, J., Cana, J. E, and Maurel, 
E Metabolism of cyclosporin A. IV. Purification and identification of the rifampicin- 
inducible human liver cytochrome P450 (cyclosporin A oxidase) as a product of 
P450IllA gene subfamily. Drug. Metab. Dispos., 17: 197-207, 1989. 

48. Conney, A. H., Pantuck, P. J., Hsaio, K. C., Garland, W. A., Anderson, K. E., Alvares, 
A. E, and Kappas, A. Enhanced phenacetin metabolism in human subjects fed char- 
coal-broiled beef. Clin. Pharmacol. Then, 20: 633--642, 1976. 

49. Boobis, A. R., Kahn, G. C., Whyte, C., Brodie, M. J., and Davies, D. S. Biphasic 
O-deethylation of phenacetin and 7-ethoxycoumarin by human and rat liver micro- 
somal fractions. Biochem. Pharmacol., 30: 2451-2456, 1981. 

50. Moss, E. J., and Neal, G. E. The metabolism of aflatoxin B1 by human liver. Biochem. 
Pharmacol., 34: 3193-3197, 1985. 

51. Raney, K. D., Coles, B., Guengerich, E E, and Harris, T. M. The endo-8,9-epoxide of 
aflatoxin-B~: a new metabolite. Chem. Res. Toxicol., 5: 333-335, 1992. 

52. Raney, K. D., Meyer, D. J., Ketterer, B., Harris, T. M., and Guengerich, E E 
Glutathione conjugation of aflatoxin B1 exo-epoxides and endo-epoxides by rat and 
human glutathione S-transferases. Chem. Res. Toxicol., 5: 470-478, 1992. 

108 

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/54/1/101/2453774/crs0540010101.pdf by guest on 19 M

ay 2023


