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Aflatoxin  Bl (AFBi) is a food-related hepatocarcinogen which 

is produced by the mold Aspergillus flavus.    Previous studies have 

shown that in rainbow trout, AFBi-induced  carcinogenesis   was 

inhibited  by  indole-3-carbinol (I3C) and  8-naphthoflavone  (BNF) 

when these compounds were fed prior to AFBi exposure.    In 

rodents, I3C and BNF are known to be potent inducers of CYPlAl, an 

enzyme that is believed to metabolize AFBi to a less toxic form, 

aflatoxin  Ml.    However, I3C is not an effective inducer of trout 

CYPlAl, and even when we fed I3C continuously, the induction was 

weak  and transient.     On the other hand, 3,3-diindolylmethane (133'), 

one of the major metabolites of I3C, inhibited in vitro AFBi-DNA 

binding (Kis = 51 (iM, Kii = 42 |J.M).   In a Salmonella assay, I3C 

metabolites,  including  133',  inhibited  AFBi   activation very potently, 

and also showed a scavenging effect on AFBi-8,9-epoxide,  a  highly 

electrophilic   intermediate,  although   this  effect seemed  to  be 



relatively minor.    These results suggest that the main 

anticarcinogenic mechanism of I3C against AFBl is not CYP1A1 

induction but inhibition of enzyme activation of AFBl.   It has been 

suggested that BNF inhibits AFB i-initiated carcinogenesis by its 

ability to induce CYP1A1.    However, in the present study, BNF 

exhibited an inhibitory effect against in vivo AFBi-DNA binding at 

sub-CYPlAl  inducing dietary levels.    CYP1A1  induction may have 

contributed to an inhibitory effect at higher doses of BNF, but the 

effect seemed to be relatively minor.    On the other hand, BNF was a 

potent inhibitor of in vitro AFBi-DNA binding and the Ki value was 

3.03 ± 0.25 |iM.    Therefore, the anticarcinogenic effect of BNF 

against  AFBl may also be due to inhibition of enzyme activation of 

AFBl rather than to CYP1A1 induction. 
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The    Inhibitory    Mechanisms    of    Indole-3-Carbinol    and 

B-Naphthoflavone    against    Aflatoxin    Bl-Initiated 

Hepatocarcinogenesis    in    Rainbow    Trout 

CHAPTER  1 

INTRODUCTION 

Epidemiology studies  suggest there is a strong relationship 

between cancer and diet (1,2).    Current research using various 

animal models also indicates that cancer incidence is modulated by 

total calorie intake and dietary exposure to carcinogens  and 

anticarcinogens (3,4).    One promising attempt to control cancer is 

chemoprevention, in which cancer is reduced  or prevented  by 

administration  of anti-carcinogenic  compounds   (5). 

According to Wattenberg (5), there are three categories of 

anticarcinogens  : a) compounds that inhibit formation of carcinogens, 

b)  compounds that prevent carcinogens from reaching  or damaging 

target cells (blocking agents), and c) compounds that inhibit 

promotion  and progression  of initiated cells  (suppressing  agents). 

There are several types of blocking agents.    Many blocking agents 

have been determined to induce the activity of enzymes that 

enhance carcinogen detoxication.    Others can act as inhibitors of 

enzyme activation of carcinogens.    Additional blocking  mechanisms 



include formation of a complex with carcinogens, or scavenging of 

electrophiles,  which are the ultimate carcinogenic form. 

Our group has intensively studied inhibitory effects  and 

mechanisms of anticarcinogens against aflatoxin Bi  (AFBi)-initiated 

hepatocarcinogenesis using the rainbow trout model (6).    AFBi is a 

secondary metabolite of the mold Aspergillus flavus, and a 

contaminant of human food supplies (7).    Epidemiology  strongly 

suggests that AFBi  is a hepatocarcinogen in humans (7,8), and it has 

been  shown that AFB i  is a potent hepatocarcinogen in many 

experimental animals including fish (8-11).     We have performed 

tumor studies of AFB 1-initiated  carcinogenesis  using  indole-3- 

carbinol (I3C) and 6-naphthoflavone (BNF) as anticarcinogens (12- 

14).     I3C is a natural anticarcinogen contained in cruciferous 

vegetables, and BNF is a synthetic compound. 

According to our studies using large numbers of animals (up to 

10,000 trout), the concentration of target organ nuclear DNA adducts 

is a better predictor of tumor incidence than is the exposure 

concentration of a carcinogen at time of exposure (15,16), and this 

concept is called "molecular dosimetry" (17).    Using this concept, we 

have  shown that protection against AFB i-initiated  carcinogenesis   by 

I3C is explained totally by inhibition of AFBi-DNA binding at I3C 

doses < 2000 ppm (13,15,16,18).    BNF also reduced both in vivo 

AFBl-DNA binding and AFB 1-initiated carcinogenesis  (12,14). 

Based on these findings, I3C and BNF can both be classified as 

blocking  agents against AFB l-initiated carcinogenesis  in  rainbow 

trout.    Previous studies have concluded that the most likely 

inhibitory mechanism of BNF is its ability to induce cytochrome 



P450 1A1 (CYPlAl), which is believed to detoxify AFBi to AFMi in 

trout (14,19-21).    However, recent studies have indicated that ISC is 

a relatively weak inducer of trout CYPlAl, consistent with studies 

demonstrating  that ISC can exhibit an  anti-carcinogenic  effect 

against AFBi  without CYPlAl induction (22,23).    According to a 

previous  study in our laboratory, a more likely inhibitory 

mechanism   against AFBi   carcinogenesis in trout involves inhibition 

of CYP activation of AFBi by ISC metabolites (23).   In my thesis, I 

focus on anti-carcinogenic mechanisms of ISC and BNF against AFBi, 

and  reconsider  our previous  hypotheses. 
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Abstract 

Indole-3-carbinol (I3C) is a natural cancer modulator found in 

cruciferous  vegetables.     A possible mechanism of cancer modulation 

by I3C is its ability to induce cytochrome P450 1A1 (CYPlAl).    In 

the present study, we investigated the kinetics of CYPlAl  induction 

in rainbow trout.    Injecting I3C into trout embryos or fingerlings, 

which avoids direct administration to the stomach, produced little or 

no induction of CYPlAl.    However, the I3C acid reaction products, 

S^'-diindolylmethane   (133'),   5,6,11,12,17,18- 

hexahydrocyclononal[l,2-b:5,6-b':7,8-b"]triindole or the total 

reaction mixture of 13C were effective inducers of embryonic or 

hepatic CYPlAl by these routes.    By dietary exposure, I3C was 

shown for the first time in trout to induce hepatic CYPlAl and the 

associated enzyme activity, ethoxyresorufin O-deethylase   (EROD). 

Although I3C was able to induce hepatic CYPlAl and EROD activity 

in trout,  the levels of this enzyme returned to near pretreatment 

levels after 1  week even with continuous I3C feeding.    We examined 

several possible mechanisms of transient induction of CYPlAl  by 

I3C.    Aged diet (1 week old) containing 2000 ppm I3C induced 

CYPlAl as potently as fresh diet.    Cofeeding 2000 ppm I3C and 50 

ppm 8-naphthoflavone (BNF) induced EROD activity; however, the 

induction peaked on day  1  following the initial feeding and then 

sharply declined.    Feeding BNF alone induced stable EROD activity. 

Prefeeding I3C for 10 days also suppressed the ability of 50 ppm 

BNF to induce EROD activity.    These observations suggest that I3C 

under  these  conditions  can  suppress  the  Ah-receptor  mediated 
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pathway of CYPlAl induction.    Our study also showed that 133', the 

major metabolite of I3C in trout liver, was a suicide inhibitor of 

CYPlAl-mediated EROD  activity.     These experiments demonstrate 

that,  under the chronic exposure protocols used in tumor studies, 

CYPlAl induction is not a significant mechanism for the inhibition of 

AFB i   hepatocarcinogenesis by dietary I3C in trout. 
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Introduction 

Indole-3-carbinol  (I3C),  a secondary plant metabolite,  is  an 

inducer of biotransformation enzymes  such  as UDP-glucuronyl 

transferase,  glutathione  S-transferase,  and  cytochrome P450  (CYP) 

isozymes in rodents (1).    Induction of these enzymes has been 

suggested to be the primary mechanism of protection by I3C against 

carcinogenesis in these species (2). 

CYPlAl  is the major polycyclic  aromatic hydrocarbon- 

inducible member of the CYP superfamily and its induction is 

mediated by the Ah receptor (3).    In rodents, I3C induces CYPlAl 

through its  acid condensation products,  which are produced non- 

enzymatically in the acid environment of the stomach (4,5).    I3C 

itself is a weak Ah receptor agonist and does not induce CYPlAl  by 

ip injection,  but acid  condensation products  are comparatively 

strong Ah receptor agonists (6) and potently induce CYPlAl  (7). 

Although there is strong evidence for the existence of the Ah 

receptor in fish, there is little information on its functionality in fish 

in terms of binding affinities for various agonists, such as I3C and 

condensation  products  (8-10).     We have previously  observed  that 

dietary I3C failed to induce hepatic CYPlAl in rainbow trout, and 

therefore, CYPlAl  induction was not considered an inhibitory 

mechanism against carcinogenesis in this species (11,12).    However, 

these studies used only a single chronic exposure protocol.    The 

purpose of the present study is to more extensively characterize the 

effect of I3C on CYPlAl in the trout model.    6-Naphthoflavone (BNF) 

was used as a positive control in these studies, as it is known to be 
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an Ah receptor agonist (13) and a strong inducer of CYPlAl  (14).    In 

the present study, we report for the first time that hepatic CYPlAl 

could be induced by dietary exposure to 13C in rainbow trout, but 

the induction was weak and transient.    In addition, we found that 

acid condensation products induced CYPlAl   by embryo injection 

and by ip injection to fingerling trout.    These results indicate that 

the characteristics of dietary I3C induction of CYPlAl  differ 

considerably in trout and rodents, and suggest that I3C anti- 

carcinogenic mechanisms may be quite different in these  species. 
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Materials    and    Methods 

Chemicals 

[125i]protein A (specific  activity, 30 |i,Ci/|i.g)  was obtained 

from ICN Biochemicals, Inc. (Irvine, CA).    I3C and 7-ethoxyresorufin 

were purchased from Aldrich Chemical Co. (Milwaukee, WI).    All 

other chemicals were purchased from Sigma Chemical Co. (St Louis, 

MO). 

An acid reaction mixture (RXM) was generated by the addition 

of I3C to 0.07 N HC1 (4).   The HPLC conditions used to separate RXM 

components  were  similar to those reported previously  (12),  except 

that the flow rate was 4 ml/min using a preparative Cjg   column 

(liBondpack, 7.8 mm i.d. x 30 cm).    The RXM contained over twenty 

major UV absorbing peaks, with only a minor peak corresponding to 

the parent compound (<0.5%).    The first major UV absorbing peak 

("peak  1" in ref.  12) was identified by electron-impact mass 

spectrometry   as   3,3'-diindolylmethane   (133'):   m/z  246(100,M+), 

130(80),  117(32).    Re-chromatography gave a single peak with a Rt 

of 14.48 min, which co-eluted with authentic 133' used previously 

Abbreviations:  I3C, indole-3-carbinol;    CYP, cytochrome P450; 
BNF, (3-naphthoflavone; RXM, reaction mixture;    133', 3,3'- 
diindolylmethane;      CT,   5,6,11,12,17,18-hexahydrocyclononal[l,2- 
b;4,5-b':7,8-b"]triindole;   DMSO, dimethyl sulfoxide;   PMSF, 
phenylmethylsulfonylfluoride;     SDS-PAGE,  sodium dodecyl  sulfate- 
polyacrylamide gel electrophoresis;    EROD, ethoxyresorufin O- 
deethylase;    ICZ, indolo[3,2-b]carbazole. 
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(12,15).    Peak 2 corresponded with the symmetrical cyclic trimer 

5,6,11,12,17,18-hexahydrocyclononal[l,2-b:4,5-b'7,8-b,']triindole 

(CT):  m/z 387(100,M+), 271(40),  157(60),  158(18),   146(38),   130(63), 

117(18),  116(18).    Re-chromatography gave a single peak with a Rt 

of 20.19 min, and co-eluted with authentic CT. 

Purification of enzymes and antibodies 

CYP1A1   was purified from trout liver microsomes pretreated 

with BNF (16).    The antibody to the purified trout liver CYP1A1 

(CYPlAl-IgG) was prepared as previously described (17). 

Animals and chemical  exposures 

Mt.  Shasta strain rainbow trout embryos (21  days post- 

fertilization) were injected with 1 (il of 35 mM I3C, 133', BNF, RXM 

or 1 jxl of 11.7 mM RXM in dimethylsulf oxide (DMSO) : ethanol (1:1 

in volume).    Given an average egg volume of 100 |il, these injections 

should give a final nominal concentration of 350 |xM of each 

compound in embryos, which was the concentration of total I3C 

equivalents found in trout liver after feeding 2000 ppm 13C for 2 

weeks (refer to Chapter 3).    One ^il of vehicle was injected into 

embryos which served as controls.    On days  1 and  10 post-injection, 

10 embryos from each group were frozen in liquid nitrogen and 

stored at -80° C.    Fingerling trout (3 months old) were injected ip 

with one M-mol I3C, 133', CT, BNF or RXM in DMSO.   Controls were 

injected with test vehicle (DMSO).    At 3 h and 24 h post-injection, 

livers were sampled and frozen in liquid nitrogen and stored at -80° 

C until assayed. 
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To analyze I3C dietary exposure, we performed three studies. 

In the first experiment, fingerling trout (5 months old) were fed a 

casein-gelatin based semipurified diet (control diet) (18),  or the 

semipurified diet containing 2000 ppm I3C for 21 days.    The diets 

were divided into aliquots and frozen at -20° C until  1 day before 

they were fed.    Livers from I3C-fed fish were taken at 1, 2, 4, 7, 14 

or 21  days following initial feeding.    In the second experiment, 

fingerling trout (5 months old) were fed freshly made or one-week- 

old diet, which contained 2000 ppm I3C, for 4 days.    Livers were 

taken at 0, 12, 24, 48 or 96 h following initial feeding.    In the third 

experiment, fingerling trout (5 months old) in the first group were 

fed control diet and then fed 2000 ppm I3C, 50 ppm BNF or mixed 

(2000 ppm 13C + 50 ppm BNF) diet.    Trout in the second group were 

fed 2000 ppm I3C diet for 10 days and then fed 2000 ppm 13C, 50 

ppm BNF or mixed (2000 ppm 13C + 50 ppm BNF) diet.    Livers from 

these trout were taken at 1, 2, 3, 5 and 7 days following the onset of 

feeding.    These samples were homogenized and frozen at -80° C until 

assayed. 

Preparation  of embryo  and  liver  homogenates 

Embryos and fingerling livers were homogenized in 4 volumes 

of a buffer containing 0.1 M potassium phosphate (pH 7.5), 20% 

glycerol, 0.1  mM EDTA, 0.2 mM phenylmethylsulfonylfluoride 

(PMSF).    The samples were kept on ice during this procedure. 

Protein levels were assayed by the method of Lowry et al. (19), 

using  bovine  serum albumin  as  a standard. 
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Preparation   of microsomes 

Trout were fed diet containing 500 ppm BNF for 1  week and 

killed after 1 day of starvation.    Livers were excised and 

immediately frozen in liquid nitrogen and kept at -80° C until 

microsome  preparation.     Microsomes  were  prepared  by  differential 

ultracentrifugation at 4° C (11), and the microsomal pellet was 

resuspended in 0.1 M potassium phosphate (pH 7.25), 30% glycerol, 

1 mM EDTA,  1 mM dithiothreitol, and divided into aliquots and 

frozen at -80° C until analysis.    Protein determinations on 

microsomes were done using the method of Lowry et al. (19). 

Immunoquantitation 

The  embryo  and  liver  homogenate  proteins  were   separated  by 

sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (SDS- 

PAGE)  (20),  electrophoretically transferred to nitrocellulose  and 

probed with rabbit anti-trout CYPlAl-IgG followed by  [125i]protein 

A (21).    The CYPlAl-IgG-[125I]Protein A complex was visualized by 

autoradiography,   and   immunoquantitation   was   performed   by 

densitometry using purified trout CYPlAl  as a standard.    Density of 

bands  was  determined  by  scanning laser densitometry  using  a 

model  SLR504-XL Zeineh scanning densitometer (Biomed 

Instruments,  Fullerton,  CA). 

Ethoxyresorufin-O-deethylase  (EROD)  assay 

EROD was assayed at 25° C, which is near optimal for trout 

CYPlAl-dependent EROD in trout (22).   EROD activity was 

determined by the method of Burke et al. (23),  with  the exception 
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that total liver homogenates were  substituted for microsomes. 

We also used EROD to examine the potential of 133' to act as a 

suicide inhibitor of CYP1A1.    In this assay, 250 ng microsomal 

protein  from BNF-treated trout liver was preincubated  with  either 

DMSO only, or 50 ^iM 133', with or without an NADPH generating 

system (5 mM glucose-6-phosphate, 2.5 mM NADP, 1  unit of 

glucose-6-phosphate dehydrogenase)  in  a  buffer containing  0.1   M 

Tris-HCl (pH 7.6), 1 mM EDTA and 5 mM MgCl2 in a final volume of 

500 \iL    After a 0, 5, 10 or 15 min preincubation, 100 |il of the 

solution  was  transferred  to a cuvette containing  the ethoxyresorufin 

substrate and then EROD activity was determined as before, except 

that 50 jig microsomal protein from BNF-fed trout was used as the 

enzyme   source. 
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Results 

Effects of ISC and its acid condensation products on CYPIAI levels in 

embryo   and fingerlings 

The levels of CYPIAI  in embryos were induced to varying 

extents by injection of DC, 133', BNF or RXM, with induction 

detectable as early as 1 day post-injection (Figure 2-1 A).    On an 

equal molar basis, 133' was a more potent inducer of CYPIAI  than 

was BNF.   By day 10, the levels of CYPIAI in embryos injected with 

13 C decreased dramatically and were no longer detectable on the 

blot.      The levels of CYPIAI in liver homogenate of fingerling trout 

(Figure 2-IB) were highly induced following ip injection of 133', CT, 

BNF or RXM, with I3C showing only a minor induction by 24 h. 

Effects of dietary exposure of ISC to fingerling trout 

The effect of continuous feeding of I3C on the levels of CYPIAI 

in trout liver is shown in Figure 2-2.    Although the trout were fed 

I3C diet continuously, CYPIAI levels peaked at 48 h following the 

initial feeding and then dropped to near the control level by day 7. 

In control animals, no CYPIAI was detected on the blot.   EROD 

activity was also measured from each group fed I3C, and found to be 

highly correlated to CYPIAI levels (r = 0.95, p = 0.0003). 

In  the  next experiment,  freshly  made  diets  and  one-week-old 

diets which contained 2000 ppm I3C were fed to evaluate the effect 

of aging of diets (Figure 2-3).    The old diets induced hepatic CYPIAI 

as potently as the new diets, and CYPIAI induction by both diets 

peaked at 48 h after the initial feeding and dropped by 96 h. 
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The  third  experiment was performed  to evaluate  the 

possibility that I3C or its metabolites might inactivate the Ah- 

receptor (Figure 2-4).    Diets containing 2000 ppm I3C, 50 ppm BNF 

or mixed (2000 ppm I3C + 50 ppm BNF) were fed to the two groups 

of trout.    The first group of trout was prefed control diet, and the 

second group of trout was prefed 2000 ppm 13C diet.    In the first 

group, 50 ppm BNF provided a rapid, extensive, and sustained 

induction of EROD, compared to the weak and transient induction by 

2000 ppm I3C.    By comparison, the mixed diet induced EROD activity 

as potently as the BNF-only diet on day 1, but the presence of I3C in 

this diet was accompanied by a sharp drop in EROD activity on days 

2 and 4.    In the second group of trout, which was prefed I3C diet for 

1 week, neither BNF nor mixed diet induced EROD activity as 

potently as in the first group.    These results indicate that 2000 ppm 

I3C greatly reduces the ability of 50 ppm BNF to induce, or to 

maintain induction of CYP1A1. 

Evaluation of 133' as a suicide inhibitor of CYP1A1 

EROD activity was found to be inhibited significantly more by 

preincubation of microsomes and 133'  than by preincubation of 

microsome and vehicle (DMSO) (Figure 2-5).    After 15 min of 

preincubation with 133', EROD activity was 39% less than with 0 min 

preincubation, while in control groups (±NADPH) the reduction of 

EROD activity was only 15-17%.    The activity reduction was 

dependent on the preincubation time and was more extensive  with 

the addition of NADPH to the preincubation system. 
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Discussion 

The results of embryo injections and ip injections of fingerling 

trout demonstrated that 13C itself is not a potent inducer of trout 

whole-embryo or hepatic CYP1A1.    A similar result in rodents has 

been previously reported (4).    Acid condensation products  such as 

133', CT and RXM, however, markedly induced trout CYP1A1, in 

some cases to a greater degree than the positive control compound, 

BNF.    A previous report indicated that when I3C was given to trout 

by oral gavage, more than 40% of the DC-derived radiolabel in vivo 

in liver was 133' (15).    Hence, these studies indicate that the major 

derivative of I3C in vivo, 133', can participate in the initial induction 

of CYP1A1.    This is compatible with the recent demonstration that 

133' and CT have substantial affinity for the mammalian Ah 

receptor, but I3C does not (6).    Although the I3C metabolite 

indolo[3,2-b]carbazole  (ICZ)  has   10^  times greater affinity than 133' 

for the rat Ah receptor, HPLC analysis of 133' and CT isolated from 

RXM revealed no detectable ICZ impurity (<0.1%, result not shown), 

and were of sufficient purity to obtain electron impact mass spectral 

data.     The results suggest that 133' has sufficient affinity for the 

trout Ah receptor to be a potent inducer, though we cannot exclude 

the possibility that trace (<0.1%) levels of ICZ may participate in the 

observed induction.    The significance of ICZ in CYP1A1 induction in 

trout  is  currently under  investigation. 

The results of embryo and ip injections to fingerling trout 

were  consistent with  previous  findings  using rodent models. 

However,  dietary exposure  to trout caused  a unique phenomenon. 
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Although 2000 ppm I3C was fed continuously, the levels of    CYPlAl 

and EROD activity were only briefly and weakly induced, and 

declined after 24-48 h to near the control level in fingerling trout. 

In our previous studies, no induction by ISC was observed, due to 

the fact that the dosing regimen was modeled on that used in tumor 

studies in which ISC was prefed for two weeks or more prior to 

carcinogen exposure (24), and for the induction studies with BNF 

(12).    Typically, trout were fed for 8 days, fasted on day 9 and then 

killed on day 10.    According to the results on the time course of ISC 

response in this study, CYPlAl  would have returned to near basal 

level by day  10. 

To explain transient CYPlAl induction by ISC, we investigated 

several hypothesis.    The first hypothesis was that the ability of ISC 

to induce CYPlAl is lost as diet ages since ISC is unstable in solution 

or in diet formulation (15).    However, the use of aged diet (1 week 

old) showed exactly the same result in trout as fresh diet (Figure 2- 

3).    Moreover, dietary induction in rodents using aged diet is not 

transitory, and the major breakdown product of ISC in diet is 133' 

(15), which itself is an inducer. 

A second possibility is that a metabolite of I3C effectively 

blocks inducer binding to the Ah receptor or otherwise inactivates 

the receptor in a time-dependent manner.    To test this, BNF, a well- 

known Ah receptor agonist, was used as a CYPlAl inducer.    In the 

present study, prefeeding ISC or cofeeding ISC with 50 ppm BNF 

suppressed the inducing ability of BNF.    This result strongly suggests 

that ISC or ISC-derived compounds are inactivators of CYPlAl 

induction.    However, we also found that cofeeding I3C and a much 
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higher dose (700 ppm) of BNF induced and maintained CYP1A1 

protein and EROD activity as potently as 700 ppm BNF only (data not 

shown).    Our interpretation is that saturating doses of the potent Ah 

agonist BNF protect the receptor against inactivation by the weaker 

BC-derived suicide agonists.    Direct evidence for this mechanism 

must await characterization of the trout Ah receptor. 

A third possibility is that I3C or its condensation products are 

suicide inhibitors of CYP1A1.    If such an inhibitor were capable of 

binding this  isozyme and changing  its physiochemical  structure, 

increased loss of CYP1A1  protein might occur through increased 

proteolysis.    We did find that incubation of microsomes in vitro with 

133'  did result in time-dependent decreased  CYP1A1   activity  and 

that this reduction was largely NADPH-dependent.    This result 

suggests that 133' may irreversibly inactivate CYP1A1.    This 

hypothesis is also consistent with Figure 2-4A, which shows that 

induction of EROD by mixed diet (2000 ppm I3C + 50 ppm BNF) was 

not stable compared with 50 ppm BNF diet.    Thus, the effect of I3C 

would be to induce excessive turnover of trout CYP1A1  protein, 

which can be compensated adequately by 700 ppm BNF but not 50 

ppm BNF.    This mechanism would not, however, explain the results 

in Figure 2-4B, and it is likely that both mechanisms, DC-mediated 

inactivation of Ah receptor and of CYP1A1 contribute to the 

transient   induction   phenomenon. 

An important question  addressed here  is whether  CYP1A1 

induction by dietary I3C might be important as a possible 

mechanism for its anti-carcinogenic effect.    Our previous tumor 

studies in the trout model have included two weeks of 13 C 
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treatment prior to carcinogen exposure.    Since I3C-mediated CYPlAl 

induction is weak and transient, it likely returned to near control 

levels at the end of this 2-week-period, and thus appears to be an 

unimportant mechanism for I3C protection  against aflatoxin Bi- 

initiated carcinogenesis in trout (refer to Chapter 3). 

In summary, we show for the first time that 13C can induce 

trout liver CYPlAl protein and EROD activity, through I3C acid 

condensation products.    However, this induction was weak and 

transient.    This transient induction of CYPlAl  appears to be mainly 

due to inactivation of the Ah-receptor mediated pathway by I3C or 

its metabolites.    It may also reflect a role of 133', the major 

metabolite of I3C in liver, as a suicide inhibitor of this isozyme. 
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Figure   2-1.    Immunoquantitation    of   CYP1A1,   and    its 
induction   in   treated   embryos   (A)   and   fingerlings   (B),   by 
western   blotting.     A) Lanes   1-5 contained 0.046, 0.093, 0.138, 
0.186  and 0.232 pmol purified trout cytochrome CYP1A1, 
respectively;  lanes 6 from untreated embryos,  7 from DC-treated,  8 
from I33'-treated, 9 from BNF-treated,   10 from RXM-treated,   11 
from 1/3 of RXM treated.    The spot between lanes 5 and 6 is an 
extraneous spot.    B)    Lanes  1-5 contained purified trout cytochrome 
CYP1A1 described above; lane 6 from untreated trout, 7 from DC- 
treated trout, 8 from 133', 9 from CT, 10 from BNF, 11 from RXM. 
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Figure 2-1 A.    Embryos 
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Figure 2-lB.    Fingerlings 
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Figure   2-2.  CYPlAl   induction   and   EROD   activity 
induction   with   continuous   feeding   of   2000   ppm   I3C   to 
fingerling   rainbow   trout.   Data  points   represent   single 
determinations of CYPlAl content on pools (N=7) of trout liver 
homogenates  by immunoquantitation  as  described  in  Figure  2-1. 
Samples were obtained at 1, 2, 4, 7, 10, 14 or 21 days.   Filled circles 
show CYPlAl levels and open circles show EROD activity.   The inset 
shows  the relationship between CYPlAl   standards (pmol)  and band 
areas   measured   by   densitometry. 
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Figure   2-3.    CYPlAl   protein   level   with   continuous   feeding 
of   freshly   made   and   one   week-old- diets   which   contained 
2000 ppm I3C.    Data  points   represent   single   determinations   of 
CYPlAl content on pools (N=7) of trout liver homogenates by 
immunoquantitation as described in Figure 2-1.     Samples were 
obtained at 12, 24, 48 or 96 h following initial feeding.    Open circles 
show CYPlAl induction by new diet, and filled circles show CYPlAl 
induction by old diet. 
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Figure   2-4.   EROD   induction   by   2000   ppm   I3C,   50   ppm 
BNF,   or  mixed  diet  to  fingerling  trout.     A)   Trout   were   prefed 
control diet or B) prefed 2000 ppm ISC for 1 week. Data  points 
represent means ± SD of EROD on three replicates of 5 pooled trout 
liver homogenates.    Samples were obtained at 0, 1, 2 or 4 days 
following the onset of feeding. 
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Figure   2-4A. 
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Figure  2-4B. 
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Figure   2-5.    Log   values   of  EROD   activity   of   BNF-treated 
trout    liver    microsomes    which    were    preincubated    with 
vehicle   (DMSO)   or   133'   ±   NADPH   generating   system   for   0, 
5, 10 or 15 min.   Values   are   triplicate   determinations  ±   SD   using 
5 pooled trout liver microsomes. 
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Figure  2-5. 
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Abstract 

The induction of cytochrome P450  1A1  (CYPlAl) was studied 

as  a possible  inhibitory mechanism of indole-3-carbinol (I3C) 

against aflatoxin Bi  (AFBi)-initiated  hepatocarcinogenesis   in 

rainbow trout.    Feeding 500-4000 ppm I3C for 1  week, before ip 

injection of [^HJAFBi, inhibited hepatic AFBi-DNA binding in a 

dose-dependent manner.     These  data  suggest a  moderate  inverse 

correlation between AFBi-DNA binding and CYPlAl  catalyzed 

ethoxyresorufin  O-deethylase (EROD) activity, which was not quite 

significant (r = -0.81, p = 0.0511).    However, induction is not 

required for inhibition, because   1000 ppm I3C  strongly inhibited 

AFBi-DNA adduction without inducing EROD.   In a time course 

study,  [3H]AFBi was injected ip 1, 2, 3, 5 or 7 days after the onset of 

feeding of 2000 ppm I3C.    Although EROD induction by I3C peaked 

on day 1, then dropped to near control levels, AFBi-DNA   binding 

was inhibited 50% by I3C throughout the experiment.    We also 

demonstrated   that  3,3'-diindolylmethane   (133'),   a   major  metabolite 

of I3C, was a strong mixed inhibitor of EROD in vitro (Kis = 2.7 ± 0.4 

jiM, Kii = 13.7 ± 2.2 |iM).    These results suggest that CYPlAl, even 

if induced by I3C, may be catalytically inhibited in vivo.   We 

examined in vitro AFBi-DNA binding and EROD activity, using 

hepatic microsomes from control, I3C- or 6-naphthoflavone (BNF)- 

treated trout.   In vitro AFBi-DNA  binding  correlated  inversely  with 

EROD activity in microsomes from control- and DC-treated trout (r = 

-0.955, p = 0.01).    However, including data using microsomes from 

100  ppm BNF-fed trout reduced  the inverse correlation  coefficient 
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and statistical significance drastically (r = -0.654, p = 0.170).    We 

dialyzed  microsomes overnight to examine the potential  effect of 

residual I3C on in vitro AFBi-DNA binding activity, and observed no 

apparent effect of dialysis.    The results suggest instead that dietary 

I3C  treatment produces microsomes  with lower catalytic capacity  for 

AFB i   epoxidation as a result of irreversible enzyme inactivation. 

These  findings,  together with those reported elsewhere  (Chapter 4), 

indicate  that  irreversible  inactivation  and  reversible  inhibition  of 

CYP2K1  and other AFBi activating enzymes is a more likely 

mechanism than CYP1A1 induction in the inhibition of AFBi-DNA 

binding by I3C in rainbow trout. 
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Introduction 

The human diet contains a variety of anti-carcinogens such as 

antioxidant  vitamins,  plant phenolics,  organosulfur compounds,  and 

indoles (1-3).    Indole-3-carbinol (I3C) is a naturally occurring anti- 

carcinogen found in cruciferous vegetables such as broccoli, 

cauliflower and cabbage.    Wallenberg  and Loub first reported the 

anti-carcinogenic properties of I3C against polycyclic  aromatic 

hydrocarbon-induced neoplasia in rats (4).    I3C also has been shown 

to inhibit spontaneous (5) and chemically induced tumors in rodents 

using   various  experimental  protocols  (6-8). 

Our group has been investigating the inhibition of aflatoxin Bi 

(AFBl)-induced hepatocarcinogenesis by I3C in rainbow trout (9).    It 

has been shown that at doses of <2000 ppm of dietary I3C, the anti- 

carcinogenic effects of I3C were accounted for solely by decreased 

binding of AFBl to DNA in the target organ (10).   One of the 

proposed inhibitory mechanisms against AFBl-DNA binding of I3C 

in rodents is induction of cytochrome P450 1A1  (CYP1A1), probably 

mediated by I3C-derived acid condensation products (11).    CYP1A1 

is believed to detoxify AFBl to aflatoxin Ml   (AFMi), a less potent 

mutagen using a Salmonellai'trout hepatic  enzyme  activation  system 

(12).    It also has been observed that AFMi   production was 

moderately  enhanced  in  hepatocytes  from 2000 ppm  I3C-fed  trout 

(13).     However,  previous  experiments  indicated  that prolonged 

treatment at anti-carcinogenic dietary levels of I3C did not 

detectably induce hepatic CYP1A1  (14-16), and therefore, it was 
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suggested that CYPlAl  induction was not an inhibitory mechanism 

for I3C in this species. 

Recently, however, we found for the first time that trout 

CYPlAl can be induced by dietary exposure of 13C, although the 

induction was weak and transient (refer to Chapter 2).    Thus, it is 

important to more fully investigate the significance of CYPlAl 

induction as an anti-carcinogenic mechanism of I3C against AFBl- 

initiated carcinogenesis in light of these recent results.    In the 

present   study,  we have  investigated  the  relationship  between 

CYPlAl induction and [3H]AFBi-DNA binding inhibition by I3C in 

vivo and in vitro in rainbow trout. 
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Materials    and    Methods 

Chemicals 

[3H(G)]AFBl was purchased from Moravek Biochemicals, Inc. 

(Brea, CA).    [125I]Protein A (sp. act. 30 ^Ci/|ig) was from ICN 

Biochemicals, Inc. (Irvine, CA).    The detection kits (anti-rabbit 

secondary   antibody,  horseradish  peroxidase  and   its   substrates)   were 

purchased from Amersham (Arlington Heights, IL).    3,3'- 

Diindolylmethane (133') was synthesized as described (17).    I3C and 

7-ethoxyresorufin were  purchased  from  Aldrich  Chemical  Co. 

(Milwaukee, WI).    [5-3H]I3C (sp. act. 0.86 mCi/mg) was produced by 

the method of Dashwood et al. (18).    All other chemicals were 

purchased from Sigma Chemical Co. (St. Louis, MO).   The purity of 

I3C and 133' was found to be > 95 % by HPLC (15). 

Abbreviations:    I3C, indole-3-carbinol;     AFBi, aflatoxin Bi;   CYP, 
cytochrome P450;    AFMi, aflatoxin Mi;    133', 3,3'-diindolylmethane; 
BNF, 6-naphthoflavone;    CT, cyclic trimer of 3-methylindole 
(5,6,11,12,17,18-hexahydrocyclononal[l,2-b:4,5-b::7,8-b"]triindole); 
RXM, reaction mixture;    PMSF, phenylmethylsulfonylfluoride;    SDS- 
PAGE,     sodium dodecyl sulfate-polyacrylamide  gel electrophoresis; 
EROD, ethoxyresorufin O-deethylase;    DMSO, dimethyl sulfoxide; 
UDPGT,  uridine diphosphate-glucuronyl-transferase;     GST, 
glutathione   S-transf erase. 
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Enzyme and IgG preparation 

Trout CYPlAl  (previously designated as LM4b) and anti- 

CYP1A1  IgG were prepared using the method of Williams and Buhler 

(19,20). 

Animals and diets 

Mt. Shasta strain rainbow trout (Oncorhynchus   mykiss) were 

reared in our laboratory.    Fingerling trout were fed a casein-gelatin 

based  semipurified diet (21),  or the  semipurified diet containing I3C 

or 6-naphthoflavone (BNF).     Microsomes were prepared from trout 

fed control diet, or diet containing I3C (1000, 2000, 3000 or 4000 

ppm) or BNF (100 or 500 ppm) for 1 week.    After 24 hrs starvation 

to allow digestion of the final feeding, trout were killed and livers 

were removed.    Livers were immediately frozen in liquid nitrogen, 

and kept at -80° C until assay. 

Preparation  of liver homogenates and microsomes 

The livers were homogenized using a Potter-Elvehjem Teflon 

homogenizer with an ice-cold buffer containing 0.1  M potassium 

phosphate (pH 7.5), 20% glycerol, 0.1 mM EDTA, 0.2 mM 

phenylmethylsulfonylfluoride  (PMSF).     Liver  microsomes  were 

prepared by the method of Eisele et al. (14).    The final microsomal 

pellet was homogenized in a buffer containing 0.1  M potassium 

phosphate (pH 7.25), 20% glycerol, 1 mM EDTA and 0.2 mM PMSF. 

Some  microsomes  were  dialyzed  overnight using  molecularporous 

dialysis membrane (SPECTRUM, Houston, TX).    The protein levels 
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were assayed according to the method of Lowry et al. (22).    Bovine 

serum albumin was used as a standard. 

Immunoquantitation 

Liver homogenate protein (25  jig)  was  separated  by  sodium 

dodecyl  sulfate-polyacrylamide  gel electrophoresis  (SDS-PAGE)  (23), 

electrophoretically  transferred  to  nitrocellulose   paper  and   probed 

with rabbit anti-trout CYPlAl-IgG (24).    CYPlAl-IgG complexes 

were  visualized  by autoradiography using  [125i]protein A (24) or a 

horseradish peroxidase  secondary antibody (25).     Density of bands 

was determined by scanning laser densitometry using a model SLR- 

504-XL  Zeineh  scanning  densitometer  (Biomed  Instruments, 

Fullerton, CA) with trout CYP1A1 as a standard. 

In vivo AFBl-DNA binding 

Two experiments were employed to assess the effect of 

dietary I3C on hepatic AFBl-DNA binding in vivo.   In the first 

experiment, doses of 0, 500, 1000, 2000, 3000 or 4000 ppm 13C 

were given in the diet for 7 days.    Thirty trout (5-10 g body wt) 

received  each treatment, and  then  were randomly divided  into  2 

groups.   On day 8, one of the groups was injected ip with [^HJAFBi 

(30 |iCi/10 (ig/kg body wt).    This dose was chosen because it is less 

than the level at which saturation would occur in AFBl-DNA   binding 

(26).    Trout were killed twenty-four hours after ip injection, the 

optimum for hepatic AFBl-DNA adduction in this species (26).    DNA 

was isolated from three pools of 5 livers per treatment and analyzed 

as described previously (27,28).    The other group was killed on day 
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8 without [3H]AFBi   injection and livers were taken for preparation 

of homogenates to assess ethoxyresorufin (9-deethylase   (EROD) 

activity and CYP1A1  levels. 

In the second experiment, a single level of 2000 ppm I3C was 

incorporated in the diet and fed for 7 days.    Trout were divided into 

two groups of 126 trout each (1-2 g body wt).    One group was 

injected ip with [3H]AFBi (30 nCi/10 [ig/kg body wt) on 0, 1, 2, 3, 

5 or 7 days, 24 hours after the last feeding.    Twenty-four hours 

after ip injection, animals were killed and DNA was isolated from 

three pools of 7 livers per treatment.    Specific activities of 

carcinogen-DNA  adducts  were analyzed  as  described  previously 

(27,28).    The remaining group was sampled 0, 1, 2, 3, 5 or 7 days 

following the initial feeding (without [^HJAFBl-injection) and livers 

were taken for preparation of homogenates for EROD assays and 

CYP1A1  specific content. 

EROD assay 

The EROD assay was carried out at 25° C, which is the optimal 

temperature for trout CYP1A1-dependent EROD (29).    Activity was 

assayed according to the method of Burke, et al. (30).   Liver 

homogenate or microsomes (500 jig protein) was used in a total 

incubation volume of 1  ml. 

For inhibition of EROD, 5 JJ.1 of inhibitor (133') in dimethyl 

sulfoxide (DMSO) was added to the reaction mixture to give a final 

concentration of 0, 5, 10 or 15 |J.M.    The substrate was  100, 200, 

500,   1000 or 2000 nM ethoxyresorufin, to which 0.1  mg protein 

from 500 ppm BNF-induced trout microsomes was added.    A 
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standard curve was made for each concentration of inhibitor.    The 

kinetic   parameters  were   obtained  by  nonlinear  regression   analyses 

(31). 

In vitro AFB]-DNA binding assay 

Microsomes were prepared from livers of trout fed control, I3C 

at 1000, 2000, 3000 or 4000 ppm, or BNF at 100 ppm.    The assay 

was performed using a modification of the method of Fong et al. (15) 

and  Yoshizawa et al. (32).    The final reaction mixture volume was 

250 (il and contained  150 (ig calf thymus DNA,  100 |ig microsomal 

protein (unless otherwise indicated), 0.2 mM EDTA, 30 fiM MgCl2, 

0.1 M Tris-HCl (pH 8.0), and 5, 50 or 80 fiM [3H]AFBI (1.0 

|iCi/sample, in 5 \il DMSO).    The reaction was initiated by adding 

NADPH to 1 mM and incubated in the dark at 27° C for 30 min, 

unless otherwise specified.    The reaction was terminated by adding 

50 }xl of 10% SDS.    An equal volume of Tris-saturated phenol was 

added to the incubation mixture and the  tubes were  shaken  gently 

and  centrifuged in a bench-top centrifuge.     The upper aqueous 

phase was added to chloroform and extracted again in the same 

procedure as phenolic extraction.    The aqueous phase obtained 

following chloroform extraction was  extracted  with  chloroform- 

isoamyl alcohol (24 :  1 in volume).    After the final extraction, the 

aqueous phase was added to 1 ml isopropanol to precipitate DNA. 

DNA was pelleted by a bench-top centrifuge and isopropanol was 

removed.    DNA was dried for 1 h at room temperature and 1 ml of 

Tris-EDTA buffer (0.1 M Tris-HCl (pH 8.0), 10 mM EDTA) was added 

to resuspend DNA and left to dissolve overnight.    The radioactivity 
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was measured by scintillation counting and the amount of DNA was 

measured by the method of Burton (28). 

[3HJI3C recovery in liver microsomes 

Trout were fed 2000 ppm [3H]I3C (sp. act. 0.25 p-Ci/mg) for 1 

week and livers were excised.    Microsomes were made as previously 

described from 3 pools of 10 trout.    Aliquots of liver homogenates, 

and   supernatants  and pellets  which  were obtained  after each 

centrifugation were digested in NCS tissue solubilizer at 60° C for 1 h 

and  the radioactivity was  measured in a scintillation counter. 

Protein concentrations of final microsomes were also assayed by the 

method of Lowry et al. (22). 
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Results 

Inhibition of in vivo AFBj-DNA binding by ISC 

In the dose-response [^HJAFBi-DNA  binding experiment,  500 

ppm I3C fed for seven days prior to AFBi  exposure did not inhibit 

hepatic  AFBl-DNA adduction (Figure 3-1).    However, I3C at 1000, 

2000, 3000 and 4000 ppm significantly inhibited binding (49%, 71%, 

75% and 90%, respectively).   By comparison, the levels of liver EROD 

activity from trout fed 500 ppm and  1000 ppm I3C were not 

elevated and,  in fact,  were  significantly  suppressed  when  compared 

with the controls.    Liver EROD activities from trout fed 2000 ppm, 

3000 ppm and 4000 ppm I3C were weakly but significantly induced 

(2 to 3 fold over control).    The data suggest a moderate inverse 

correlation between EROD activity and in vivo AFBl-DNA  binding, 

though this was not quite significant (r = -0.81, p = 0.0511). 

However, this was not a requisite relationship because AFBl-DNA 

binding was significantly reduced at a level of 13 C (1000 ppm) that 

did not induce EROD activity.   The levels of hepatic CYPlAl protein 

induced by 500,  1000, 2000, 3000 and 4000 ppm I3C were 2.62 (± 

0.93), 4.34 (± 1.28),  12.9 (+ 7.5),  16.1 (+ 5.4) and 20.3 (± 7.3) 

pmol/mg protein respectively, compared to the level in  controls  of 

4.21  (± 0.89) pmol/mg protein (Figure 3-2).    CYPlAl protein levels 

did not plateau along with EROD at 2000 ppm I3C. 

The effects of continuous feeding of I3C (2000 ppm) on liver 

EROD activity (open circle) and AFBl-DNA adduct levels (filled 

circle) in vivo are shown in Figure 3-3.   Trout given [^HjAFBl ip 1, 

2, 3, 5 or 7 days after commencing I3C treatment all showed 
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approximately 50% reduction in liver AFBi-DNA  adducts,  compared 

with control.    The inhibition in these 7 days was very stable, and 

there was no significant difference among days.    By contrast, 

induction of EROD activity peaked on the first day, and then rapidly 

dropped to near the control level by day 3.    There was no 

correlation between EROD activity and AFBi-DNA binding in this 

experiment (r = -0.37). 

EROD inhibition by 133' 

At each I3C dose, CYPlAl protein induction was considerably 

greater than the induction of EROD activity, which suggests that the 

enzyme was partially inactivated or inhibited by one or more factors 

in the extract.    This suggestion is supported by the in vitro enzyme 

inhibition study (Figure 3-4), which shows that 133', the major I3C 

acid condensation product found in liver in vivo in trout (33), is a 

potent inhibitor of CYPlAl-catalyzed EROD activity.    The Lineweaver 

Burke plot indicates 133' inhibition is mixed (competitive and non- 

competitive).    The Kis value was 2.7 ± 0.4 (iM and the Kii value was 

13.7 ± 2.2 |j.M.    Although we did not directly measure 133' 

concentrations in these liver extracts in the present study,  its molar 

concentration in the livers of trout fed 2000 ppm I3C was 

previously determined to be  140 \iM after 48 hr (33).    This value is 

in error, however, because it fails to apply a specific activity 

correction.    The corrected value, 70 |iM 133', still exceeds these Ki 

values considerably,  and suggests that hepatic CYPlAl   activity 

would  be  substantially  inhibited  in vivo in animals fed 2000 ppm 

I3C. 
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The effect of dietary ISC on microsomal AFBl   activation 

The effects of diets containing  1000, 2000, 3000 or 4000 ppm 

I3C or 100 ppm BNF on the ability of hepatic microsomes to 

bioactivate [^HJAFBi is shown in Figure 3-5A.   The binding of AFBl 

to DNA decreased with increasing levels of I3C in the diet (80, 62, 40 

and 27% of control in 1000, 2000, 3000 and 4000 ppm I3C, 

respectively).    EROD activity in these microsomes was induced in a 

dose-response  manner and  there was  a good  inverse  correlation 

between AFBl-DNA binding activity and EROD activity (r = -0.955, p 

= 0.01).    However, the existence of this correlation does not establish 

cause and effect.    In fact, liver microsomes from trout fed  100 ppm 

BNF showed 2-fold higher EROD activity than 4000 ppm I3C, but the 

effect on AFBl-DNA binding (42% of control) is less (p = 0.026) than 

that shown by 4000 ppm I3C (27% of control).    Inclusion of the BNF 

datum in examining the simple correlation between EROD levels and 

microsome-catalyzed   AFBl-DNA adduction seriously reduces the 

correlation coefficient and abolishes significance (r = -0.654, p = 

0.170).    This signifies inhibitory mechanisms other than, or in 

addition to, induced EROD activity in these assay. 

The possibility exists that the ability of isolated microsomes to 

catalyze AFBl-DNA binding or EROD activity may be influenced by 

residual I3C or its metabolites in livers of I3C-treated trout.    To 

examine this, tritiated 13C was fed at 2000 ppm for 1  week (Table 

3-1).    In liver from these animals, 363 ± 41  (i.M I3C equivalents 

were detected.    In the final microsomal pellet, 17.7 ± 1.0% I3C 

equivalents  were recovered  compared  with  total  liver, 
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corresponding to 4.33 ± 0.27 nmol I3C equivalents per mg protein. 

In the in vitro AFBi-DNA binding assay which used 0.1 mg 

microsomal protein from 2000 ppm I3C-fed trout liver,  the 

concentration  of residual DC-derived products  was  estimated to  be 

1.73 ± 0.11 jxM.    We next examined the activities of AFBi-DNA 

binding and EROD using dialyzed microsomes, to determine if the 

residual DC-derived  material  was freely diffusible  or  tightly  bound. 

As shown in Figure 3-5B, no difference in pattern was observed in 

EROD and AFBi-DNA binding activities between non-dialyzed and 

dialyzed microsomes,  though dialyzed  microsomes  showed  about 

30% less activity than non-dialyzed microsomes in both assays.    This 

decrease in activity of dialyzed microsomes may be a result of 

leaving them overnight at 4 0C. 

We also performed an in vitro AFBi-DNA binding assay using 

5 and 80 |i.M AFBi   (Table 3-2), which brackets our estimates for 

the  AFBl Km (75.3 JIM) for this reaction (refer to Chapter 4).    The 

microsomes from livers of control or 2000 ppm DC-fed trout were 

compared and for both concentrations of AFBi,  DC-treated 

microsomes showed about 30% less activity than control 

microsomes.    Thus, our observations are not compromised by the 

use  a  single,  saturating  substrate concentration, which  would have 

precluded  the  ability  to  observe competitive  inhibition  effects. 
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Discussion 

Inhibition of AFBi-induced hepatocarcinogenesis  by  I3C has 

been highly correlated with reduction of hepatic AFBi-DNA   binding 

in rainbow trout (10).    According to Wattenberg (2), anti- 

carcinogens  that prevent carcinogens  from  binding  covalently  to 

DNA are categorized as blocking agents.    Inhibitory mechanisms of 

blocking agents are further classified into 3 groups: a) those that 

inhibit activation of procarcinogens to ultimate carcinogen;  b) those 

that induce detoxication enzymes;  and c) those  that scavenge 

electrophiles.    In rodents, inhibitory mechanisms of I3C against 

carcinogens may be due to induction of protective enzymes.    It was 

observed in rodents that oral administration of 13C induced 

biotransformation enzymes  such as CYP1A1, UDP-glucuronosyl 

transferase (UDPGT) and glutathione S-transferases (GST) (11,34). 

By contrast, in rainbow trout, no induction of these enzymes was 

observed (14,15,35), and we have proposed that inhibition  of 

activation enzymes by acid condensation products is a major 

mechanism in this species (15).    However, recently, we found that 

dietary 13C induced hepatic CYP1A1  although only weakly and 

transiently (refer to Chapter 2).    In light of this new evidence, the 

main objective of the present study was to more throughly examine 

the relationship between CYP1A1  induction and AFBi-DNA   binding 

in rainbow trout fed I3C. 

Our working hypothesis  has been  that weak, transient 

induction of CYP1A1 is of little significance for I3C anti- 

carcinogenesis in trout.    This hypothesis is supported by the results 
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of the in vivo [3H]AFBi-DNA binding experiment.    In the time 

course study, the inhibition of AFBi-DNA binding did not correlate 

with the level and catalytic activity of CYP1A1 induced by I3C (r = 

0.37).    AFBi-DNA binding did show an overall inverse correlation 

with the elevation of EROD activity in a dose-response study, which 

just failed to reach significance (r = -0.81, p = 0.051).    However, the 

existence of a correlation does not necessarily mean that CYP1A1 

induction is the mechanism for inhibition of AFBi-DNA   binding. 

Indeed, I3C inhibited AFBi-DNA binding in vivo by almost 50% at a 

dose  (1000 ppm) that depressed EROD activity. 

An  alternative explanation  of inhibition  is reduced 

bioactivation of AFBi resulting from inhibition of the CYP isozyme(s) 

responsible.    In fact, we found that 133', a major metabolite of I3C in 

liver,  potently  inhibited  microsome-mediated  AFBi-DNA   binding 

(refer to Chapter 4), which is catalyzed mainly by trout CYP2K1 

(previously designated as LMC2 or LM2 (36,37)).    Furthermore, it 

was found that 133' was a potent inhibitor of CYP1A1  as determined 

by EROD.    Since the 133' concentration found in vivo (70 (J.M) greatly 

exceeds the EROD Kj values, it is possible that CYP1A1-mediated 

production  of AFMi  would be inhibited at least partially and would, 

therefore, be unavailable as a detoxication mechanism.    This would 

be true, however, only if 133' Ki values for AFBi as a CYP1A1 

substrate  are   not substantially  greater  than  their  values   with 

ethoxyresorufin as a substrate.    We have not yet determined the Ki 

values for AFBi. 

The reduction of in vitro AFBi-DNA binding in liver 

microsomes from I3C-fed trout was not consistent with the in vivo 
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study which indicated that CYPlAl  induction was not significant. 

There  are three possible explanations for the  in vitro results: a) 

CYPlAl can under some situations enhance detoxication of AFBi, b) 

residual ISC metabolites in microsomes, such as 133', is inhibiting 

AFB i -DNA binding, and c) I3C or its metabolites are irreversible 

inhibitors of activating enzymes.    The first explanation was not 

consistent with the finding  that,  although   100 ppm  BNF-treated 

microsomes had twice the EROD activity of 4000 ppm I3C-treated 

microsomes, the latter had less AFBi-DNA binding activity than the 

former.    The second hypothesis contradicted the fact that only  1.73 

[iM ISC equivalents were contained in the incubation system of 

AFBi-DNA binding using 2000 ppm ISC-fed trout liver microsomes. 

According to the results in Chapter 4, about 50 \iM 133' was 

required to inhibit in vitro AFBi-DNA binding about 50% and the 

amount of residual ISC observed here was much less than that 

concentration.    The third explanation was supported by the 

experiment in  which  microsomes that were dialyzed  overnight 

showed almost the same results as non-dialyzed microsomes.    These 

results indicate that reduction of in vitro AFB i -DNA   binding  activity 

by dietary 13C exposure occurs, and suggest that this was due to 

irreversible inhibition of activating enzymes rather than  to CYPlAl 

induction. 

In summary, we show that although ISC can induce trout 

hepatic CYPlAl, the induction is weak and transient, and we 

conclude that CYPlAl  induction by I3C is probably an insignificant 

factor in I3C protection against AFBi-induced   hepatocarcinogenesis 

in this model.    Instead, our findings here and elsewhere (Chapter 4) 
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indicate  that  irreversible  inactivation  and  reversible  inhibition  of 

activating enzymes by ISC metabolites are much more likely 

mechanisms for ISC anti-carcinogenesis in this  species,  and may  be 

operative in other species as well. 
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Figure   3-1.   Effects   of  I3C   dose   (fed   for   7   days)   on 
reduction   of   [^HJAFBl-DNA   binding   and   induction   of 
EROD  activity.    Filled bars show pmol equivalent of AFBl   bound 
to DNA in liver.   Slashed bars show EROD activity of liver 
homogenates.    Data are means ± SD from.three pools of 7 animals 
each.    Results significantly different from the control group are 
indicated (*p < 0.05, **p < 0.01). 
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Figure   3-2.   Effect   of  I3C   dose   (fed   for   7   days)   on   hepatic 
CYP1A1  protein  levels.     Lanes   1-5  contained  0.28,  0.56,  0.84, 
1.12  or  1.40 pmol purified trout cytochrome CYP1A1, respectively; 
lanes 6 from untreated trout liver homogenates, 7 from 500 ppm,  8 
from  1000 ppm, 9 from 2000 ppm,  10 from 3000 ppm and  11  from 
4000 ppm I3C-treated trout.    Each sample was obtained from liver 
homogenates of 7 animals. 
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Figure  3-2. 
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Figure   3-3.      Effect   of   continuous   feeding   of  2000   ppm   I3C 
on  inhibition  of  [3H]AFBl-DNA   binding   and   EROD   activity. 
Open circles show EROD activity of liver homogenates. Filled circles 
show AFBi bound to DNA in liver. Data are means ± SD from three 
pools of 10 animals each. 
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Figure   3-4.       Lineweaver   Burke   plot   showing   inhibition   of 
EROD activity by 133'.    133'   at  three  different  concentrations   (5, 
10, and  15 ji.M) was compared with vehicle only with BNF-induced 
trout  liver  microsomes  (0.1   mg/ml).    Values  represent triplicate 
determinations  ±   SD. 
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Figure   3-5.    Microsome-mediated     AFBi-DNA    binding    and 
EROD  activity.  A) using control,  1000, 2000, 3000 or 4000 ppm 
I3C- or 100 ppm BNF-fed trout liver microsomes which were not 
dialyzed, B) using control,  1000, 2000, 3000 or 4000 ppm I3C-fed 
trout liver microsomes which were dialyzed.    Crossed bars show the 
pmol   AFBi   bound/mg DNA/mg protein/min.    Slashed bars show 
EROD activity of liver microsomes (pmol resorufin formed/mg 
protein/min).    Data are means ± SD from three pools of 10 animals 
each.    Results significantly different from the control group are 
indicated (* p < 0.05, ** p < 0.01). 
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Figure 3-5B. 
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Table   3-1.   Recovery   of   [3H]I3C    carryover    in    supernatant 
and     pellet    following    differential    ultracentrifugation 

Differential   ultracentrifugation %  recovered 
Supernatant  after  low  spin 

71.0 ± 9.0 % 
Supernatant   after   the   first   high   spin 
(PMa   fraction) 50.3 ± 5.3 % 
Pellet  after the  first  high  spin  (first 
microsome) 28.0 ± 0.2 % 
Supernatant   after   the   second   high 
spin 9.0 ± 0.7 % 
Pellet  after  the   second  high   spin 
(final    microsome) 17.7 ± 1.0 % 

Values represent average ± SD of triplicates. 
apost   mitochondrial 
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Table   3-2.   In   vitro   AFBl-DNA    binding   activity    of   control 
and    2000    ppm   I3C-fed   trout   liver   microsomes. 

AFB1   concentration Control  microsomes I3C-treated   microsomes 

5   JIM 114 ±   14 77.7  ±  6.5 

80   uM 973  ±   12 680 ±  95 

unit:  pmol AFBi/mg   DNA/min/mg  protein 
Values are average ± SD of triplicates. 
The incubation was continued for 20 min with 50 jxg microsomal 
protein. 



74 

References 

1. Davis, D.L. (1989) Natural anticarcinogens, carcinogens and 
changing pattern in cancer: some speculation.    Environ.  Res., 50, 
322-340. 

2. Wattenberg, L.W. (1985) Chemoprevention of cancer.    Cancer Res., 
45,  1-8. 

3. Williams, D.E. and Bailey, G.S. (1993) Potential mechanisms for 
food-related  carcinogens  and anticarcinogens. Food Technol., 47, 
105-118. 

4. Wattenberg, L.W. and Loub, W.D. (1978) Inhibition of polycyclic 
aromatic   hydrocarbon-induced   neoplasia   by   naturally   occurring 
indoles. Cancer Res., 38, 1410-1413. 

5. Bradlow, H.L., Michnovicz, J.J., Telang, N.T. and Osborne, M.P. 
(1991) Effects  of dietary  indole-3-carbinol  on estradiol 
metabolism  and  spontaneous  mammary  tumors  in  mice. 
Carcinogenesis,   12, 1571-1574. 

6. Jang, J.J., Cho, K.J., Lee, Y.S. and Bae, J.H. (1991) Modifying 
responses of allyl sulfide, indole-3-carbinol and germanium in  a 
rat multi-organ carcinogenesis model.    Carcinogenesis,   12, 691- 
695. 

7. Tanaka, T., Mori, Y., Morishita, Y., Hara, A., Ohno, T., Kojima, T. and 
Mori, H.  (1990) Inhibitory effect of sinigrin and indole-3-carbinol 
on   diethylnitrosamine-induced   hepatocarcinogenesis   in   male 
ACI/N rats.   Carcinogenesis,   11, 1403-1406. 

8. Morse, M.A., LaGreca, S.D., Amin, S.G. and Chung, F.L. (1990) 
Effects of indole-3-carbinol on lung tumorigenesis and DNA 
methylation   induced   by   4-(methylnitrosamino)-l-(3-pyridyl)-l- 
butanone (NNK) and on the metabolism and disposition of NNK in 
A/J mice.   Cancer Res., 50, 2613-2617. 

9. Bailey, G.S., Hendricks, J.D. and Dashwood, R.H. (1992) 
Anticarcinogenesis in fish. Mutation Res., 267, 243-250. 



75 

10. Dashwood, R.H., Arbogast, D.N., Fong, A.T., Pereira, C, Hendricks, 
J.D.  and Bailey, G.S. (1989) Quantitative inter-relationships 
between  aflatoxin  Bi   carcinogen  dose,  indole-3-carbinol  anti- 
carcinogen dose, target organ DNA adduction and final tumor 
response.    Carcinogenesis, 10, 175-181. 

11. Bradfield, C.A. and Bjeldanes, L.F. (1987) Structure-activity 
relationships of dietary indoles: a proposed mechanism of action 
as modifiers of xenobiotic metabolism.   /. Toxicol. Environ. Health, 
21, 311-323. 

12. Coulombe, R.A., Shelton, D.W., Sinnhuber, R.O. and Nixon, J.E. 
(1982)  Comparative mutagenicity of aflatoxins using a 
Salmonella/trout hepatic  enzyme  activation  system. 
Carcinogenesis,  3, 1261-1264. 

13. Goeger, D.E., Shelton, D.W., Hendricks, J.D. and Bailey, G.S. (1986) 
Mechanisms  of anti-carcinogenesis  by indole-3-carbinol:  effect on 
the distribution and metabolism of aflatoxin Bi  in rainbow trout. 
Carcinogenesis,   7, 2025-2031. 

14. Eisele, T.A., Bailey, G.S. and Nixon, J.E. (1983) The effect of 
indole-3-carbinol,  an  aflatoxin Bi   hepatocarcinoma inhibitor,  and 
other indole analogs on the rainbow trout hepatic mixed function 
oxidase system.    Toxicol. Lett., 19, 133-138. 

15. Fong, A.T., Swanson, H.I., Dashwood, R.H., Williams, D.E., 
Hendricks, J.D. and Bailey, G.S. (1990) Mechanisms of anti- 
carcinogenesis  by  indole-3-carbinol.  Studies  of enzyme  induction, 
electrophile-scavenging, and inhibition of aflatoxin Bi   activation. 
Biochem.  Pharmacol., 39, 19-26. 

16. Nixon, J.E., Hendricks, J.D., Pawlowski, N.E., Pereira, C.B., 
Sinnhuber, R.O. and Bailey, G.S. (1984) Inhibition of aflatoxin Bi 
carcinogenesis in rainbow  trout by flavone and indole 
compounds.    Carcinogenesis,  5, 615-619. 

17. Leete, E. and Marion, L. (1953) The hydrogenolysis of 3- 
hydroxymethylindole  and   other  indole  derivatives   with   lithium 
aluminum  hydride.  Can. J. Chem., 31, 775-783. 



76 

18. Dashwood, R.H., Uyetake, L., Fong, A.T., Hendricks, J.D. and Bailey, 
G.S. (1989) The synthesis of [3H]-indole-3-carbinol,   a  natural 
anti-carcinogen from cruciferous vegetables.    J. Label. Comp. 
Radiopharm.,   27, 901-907. 

19. Williams, D.E. and Buhler, D.R. (1982) Purification of cytochromes 
P-448  from  B-naphthoflavone-treated rainbow  trout.     Biochim. 
Biophys. Ada, 111, 398-404. 

20. Williams, D.E. and Buhler, D.R. (1984) Benzo[a]pyrene- 
hydroxylase catalyzed by purified isozymes of cytochrome P-450 
from 6-naphthoflavone-fed rainbow trout.    Biochem.   Pharmacol., 
33, 3743-3753. 

21. Sinnhuber, R.O., Hendricks, J.D., Wales, J.H. and Putnam G.B. 
(1977) Neoplasms in rainbow trout, a sensitive animal model for 
environmental carcinogenesis.    Ann. N.Y. Acad. Sci., 298, 389- 
408. 

22. Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, RJ. (1951) 
Protein measurement with the Folin phenol reagent.    /. Bio I. 
Chem., 193, 265-275. 

23. Laemmli, U.K. (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature,  227, 680- 
685. 

24. Burnette, W.N. (1981) "Western blotting". Electrophoretic 
transfer  of proteins  from  sodium  dodecyl   sulfate-polyacrylamide 
gels  to unmodified nitrocellulose and radiographic detection with 
antibody and radioiodinated protein A. Anal. Biochem.,  112,  195- 
203. 

25. Towbin, H. and Gordon, J. (1984) Immunoblotting and dot 
immunobinding—Current  status and  outlook.    J. Immunol.  Meth., 
72, 313-340. 

26. Whitham, M., Nixon, J.E. and Sinnhuber, R.O. (1982)   Liver DNA 
bound in vivo with aflatoxin Bl   as a measure of hepatocarcinoma 
initiation in rainbow trout.    /. Natl. Cancer Inst., 68, 623-628. 



77 

27. Dashwood, R.H., Arbogast, D.N., Fong, A.T., Hendricks, J.D. and 
Bailey G.S. (1988) Mechanisms of anti-carcinogenesis by indole-3- 
carbinol:  detailed in vivo DNA  binding dose-response  studies 
after dietary administration  with  aflatoxin  B\. Carcinogenesis, 9, 
427-432. 

28. Burton, K. (1956) A study of the conditions and mechanisms of 
the  diphenylamine reaction  for the colorimetric  estimation  of 
deoxyribonucleic acid.    Biochem. J., 62, 315-322. 

29. Williams, D.E., Becker, R.R., Potter, D.W., Guengerich, F.P. and 
Buhler, D.R. (1983)    Purification and comparative properties of 
NADPH-cytochrome P-450 reductase  from rat and rainbow trout. 
Differences   in   temperature   optima  between   reconstituted   and 
microsomal trout enzymes.    Arch.  Biochem.  Biophys., 225, 55-65. 

30. Burke, M.D., Prough, R.A. and Mayer, R.T. (1977) Characteristics 
of a microsomal cytochrome P-448  mediated reaction. 
Ethoxyresorufin  O-de-ethylation.    Drug Metab. Dispos., 5, 1-8. 

31. Duggleby, R.G. (1984) Regression analysis of nonlinear arrhenius 
plots: an empirical model and a computer program. Comput.  Biol. 
Med., 14, 447-455. 

32. Yoshizawa, H., Uchimaru, R., Kamataki, T., Kato, R. and Ueno, Y. 
(1982)    Metabolism and activation of aflatoxin Bi by 
reconstituted cytochrome P-450 system of rat liver.    Cancer Res., 
42,  1120-1124. 

33. Dashwood, R.H., Uyetake, L., Fong, A.T., Hendricks, J.D. and Bailey, 
G.S. (1989) In vivo disposition of the natural anti-carcinogen 
indole-3-carbinol after po administration to rainbow trout.    Fd. 
Chem. Toxicol., 27, 385-392. 

34. Shertzer, H.G. and Sainsbury, N. (1991) Chemoprotective and 
hepatic  enzyme induction properties  of indole  and  indenoindole 
antioxidants in rats.   Fd. Chem. Toxicol., 29, 391-400. 

35. Valsta, L.M., Hendricks, J.D. and Bailey, G.S. (1988) The 
significance of glutathione conjugation for aflatoxin Bi 
metabolism in rainbow trout and coho salmon. Fd.  Chem.  Toxicol., 
26,129-135. 



78 

36. Miranda, C.L., Wang, J-L., Henderson, M.C. and Buhler, D.R. (1989) 
Purification  and  characterization   of hepatic   steroid  hydroxylases 
from untreated rainbow trout.    Arch. Biochem. Biophys., 268, 
227-238. 

37. Williams, D.E. and Buhler D.R. (1983) Purified form of 
cytochrome P-450 from rainbow trout with high  activity toward 
conversion of aflatoxin Bi to aflatoxin Bi-2,3-epoxide.    Cancer 
Res., 43, 4752-4756. 



79 

CHAPTER  4 

Anti-carcinogenic     Mechanisms     of    Indole-3-carbinol: 
Anti-mutagenic    Activity    against    Aflatoxin    Bi    (AFBi) in 

the Salmonella    Assay   and   Inhibition   of   in   vitro   AFBi-DNA 
Binding   in   Rainbow   Trout 

Naoko  Takahashi 

and 

David E. Williams 

Food Science and Technology 

Oregon  State University 

Corvallis, OR 97331 



80 

Contribution    of    Authors 

N. Takahashi1, R.D. Dashwood2, D.E. Williamsl and G.S. Bailey1'3 

1 Department of Food Science & Technology and the 

Marine/Freshwater Biomedical  Sciences  Center,  Oregon  State 

University, Corvallis, OR 97331 

^Present  address, Department  of Environmental  Biochemistry, 

University of Hawaii, Honolulu, HI 96822 

3 To  whom correspondence  should  be  addressed 



81 

Abstract 

Aflatoxin  Bi (AFBi) is a potent hepatocarcinogen in rainbow 

trout.     In  the present study,  we examined possible inhibitory 

mechanisms  of indole-3-carbinol  (ISC)  against AFBi.   In the 

Salmonella assay, I3C itself was not an antimutagen against AFBi 

using  the trout postmitochondrial activation system.    We also 

evaluated the anti-mutagenic ability of 13C oligomers:  an acid 

reaction mixture of I3C (RXM), which is generated by the reaction of 

I3C with HCl to simulate I3C products formed in the acidic condition 

of the  stomach;  3,3-diindolylmethane (133'),  which is the  major 

derivative of I3C in trout liver;  and 5,6,11,12,17,18- 

hexahydrocyclononal[l,2-b:4,5-b':7,8-b"]triindole, the cyclic trimer 

of I3C (CT), which is a possible derivative of 13C in liver and one of 

the major components of RXM.    Concentrations of 3.5 |iM and 

greater of 133', CT and RXM showed about 80% inhibition compared 

with the control.    These 13C oligomers at 70 |iM scavenged the 

electrophile   AFBi-8,9-epoxide in the Salmonella  assay   without 

enzymatic  activation,  and  exhibited  20-50%  inhibition  compared 

with the control.    133' inhibited microsome-mediated AFBi-DNA 

binding in vitro in a noncompetitive manner (Kis = 51 |iM, Kii = 42 

(iM).    These results suggest that the anti-carcinogenic effect of I3C 

against  AFBi  in rainbow trout is due to inhibition of enzyme 

activation of AFBi and, to scavenging of AFBi-8,9-epoxide,  and  from 

previous  results (Chapter  3) to  irreversible  enzyme inactivation. 
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Introduction 

Epidemiology suggests that cancer incidence is  strongly 

influenced by human diet (1).    Human diets can vary widely in 

content of carcinogens, anti-carcinogens and tumor promoters, all  of 

which  are probably important in  the determination of cancer risk 

(2,3).    One promising attempt in preventing cancer is 

chemoprevention,  in   which   anti-carcinogens   are   administered  to 

selected  high-risk populations  or  individuals  (4). 

Indole-3-carbinol  (I3C),  a  secondary  metabolite  of cruciferous 

vegetables,  has exhibited anti-carcinogenic  effects  in  many 

experimental  protocols  (5-9).     Possible  anti-carcinogenic 

mechanisms of I3C in mammals have been suggested to include 

induction of phase I enzymes, induction of phase II enzymes, 

inhibition of enzyme activation,  inhibition of steroid hormone 

binding,  scavenging of electrophiles,  and protection against oxidative 

damage   (10-15). 

We have intensively studied the anti-carcinogenic effect of I3C 

against aflatoxin Bi   (AFBi) using the rainbow trout model (16-18). 

AFB i   is a food-borne hepatocarcinogen that is produced by 

Aspergillus flavus.    According to a previous study in our laboratory, 

inhibition  of AFB i -initiated tumor incidence by I3C at dietary 

concentrations up to 2000 ppm is accounted for solely by its ability 

to inhibit target organ AFBi-DNA binding (18).    This study 

demonstrated that I3C at doses likely to be encountered in human 

foods is a pure blocking agent, that is, an anti-carcinogen which 

prevents carcinogens from reaching target sites (4).    There are two 
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main groups of blocking agents: the compounds in the first group 

induce detoxifying enzymes and those in the second group inhibit 

activation of procarcinogens.    In rainbow trout, I3C is not an 

effective inducer of CYP1A1, glutathione S-transferase, or UDP- 

glucuronosyl transferase, all of which detoxify AFBi  (12,19,20, refer 

to Chapter 3).   In contrast, it has been shown that in vitro AFBi-DNA 

binding was inhibited by a reaction mixture (RXM) of I3C, which was 

produced in HC1 to simulate compounds generated in the low pH 

condition of the stomach (12).    In the present study, we focused on 

anti-mutagenic effects of I3C oligomers against AFBi  and enzyme 

inhibition of AFBi   activation by 3,3-diindolylmethane (133'),  the 

major derivative of 13C found in trout liver (21). 
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Materials    and     Methods 

Materials 

[3H(G)]AFBi was purchased from Moravek Biochemicals, Inc. 

(Brea, CA).   I3C was purchased from Aldrich Chemical Co. 

(Milwaukee, WI).    Tris-saturated phenol was obtained from aMResco 

(Solon, OH).    All other chemicals were purchased from Sigma 

Chemical Co. (St Louis, MO).     133' was generated by the method of 

Leete and Marion (22).    The compounds, 5,6,11,12,17,18- 

hexahydrocyclononal[l,2-b:4,5-b':7,8-b"]triindole (the cyclic trimer 

of 13C (CT)) and RXM were kindly provided by Dr. L.F. Bjeldanes 

(University of California at Berkeley), pure AFBi-8,9-epoxide by Dr. 

T.M.  Harris (Vanderbilt University) and Salmonella   typhimurium 

strains TA98 and TA100 by Dr. Bruce N. Ames (University of 

California at Berkeley). 

Animals and diets 

Mt. Shasta strain rainbow trout (Oncorhynchus   my kiss) were 

reared in our laboratory.    Fish (200-300 g) were fed a casein-gelatin 

based semipurified diet (23) and starved for 48 h.    The fish were 

Abbreviations:   I3C, indole-3-carbinol;    AFBi, aflatoxin Bi;   RXM, 
reaction mixture;    133', 3,3'-diindolylmethane;    CT, 5,6,11,12,17,18- 
hexahydrocyclononal[l,2-b:4,5-b':7,8-b"]triindole;    DMSO, dimethyl 
sulfoxide. 
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killed  and livers were immediately frozen in liquid nitrogen and 

kept at -80 0C until preparation of liver microsomes for in vitro 

[3H]AFBi-DNA binding or S-20 preparation for the Salmonella 

mutagenicity   assay. 

Microsomal  and S-20 preparation 

Trout  microsomes  were  prepared  as  previously  described 

using  differential ultracentrifugation (19).     S-20 was prepared  as 

previously  described  (24).     Protein  concentrations  were  determined 

by the method of Lowry et al. (25). 

Salmonella   mutagenicity  assays 

The plate incorporation protocol of the Salmonella 

mutagenicity  assay was used to evaluate  anti-mutagenic  activity  of 

I3C, 133', CT and RXM (26,27).   Two ml of soft agar was added to 

each tube and 0.1 ml of test compound (in DMSO), 0.1 ml of a 

mutagen  (AFBi in DMSO), 0.2 ml of Salmonella strain TA100 and 0.2 

ml of 10% S-20 mix were added to the soft agar in this order.    The 

final concentrations of inhibitors were 0, 0.35, 3.5 or 35 |iM and the 

amounts of AFBi added were 0, 1.4, 2.8 or 5.6 |ig (0, 6.0, 12 or 24 

|iM, respectively).    The soft agar was poured onto minimal glucose 

plates, which were incubated in the dark for 2 days at 37 0C and 

His+ revertants were counted.    Data were obtained using three 

replicates at each dose. 

To evaluate the scavenging effect of I3C oligomers on AFBi- 

8,9-epoxide, 0.1 ml of test compound (in DMSO) and 0.2 ml of 

Salmonella strain TA98 were added to 2 ml of soft agar.   The 
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concentration of these I3C oligomers was estimated at 70 \iM.    S-20 

was omitted in this assay.    AFBi-8,9-epoxide was  stored in  acetone 

under nitrogen at -20 0C in the dark until used.    After adding AFBl- 

8,9-epoxide to soft agar, the soft agar was immediately poured onto 

minimal glucose plates and incubated under the same conditions as 

described for AFBl.   The amounts of AFBi-8,9-epoxide  added to 

each plate were 0, 0.01, 0.033, 0.1, 0.33 or 1.0 ^ig. 

In vitro AFBj-DNA binding assay 

An in vitro [^HJAFBi-DNA binding assay was conducted as 

previously described (12,28).    The final reaction mixture volume 

was 250 |al which contained  150 |ig calf thymus DNA, 50 (i.g 

microsomal protein (unless otherwise indicated), 0.2 mM EDTA, 30 

^iM MgCl2, 0.1 M Tris-HCl (pH 8.0), and 5 to 80 ^iM [3H]AFBi (1.0 

^Ci/sample, in 5 nl DMSO) with 35 to 140 ^iM 133' (in 5 ^1 DMSO). 

The reaction was initiated by adding NADPH to 1 mM and incubated 

in the dark at 27 0C for 20 min unless otherwise specified.    The 

reaction was terminated by adding 50 (xl of 10% SDS.    DNA was 

extracted  by  Tris-saturated  phenol,  chloroform  and  chloroform- 

isoamyl alcohol (24 : 1 in volume).   DNA was precipitated in 

isopropanol  and  sedimented  with  a bench-top  centrifuge  and 

resuspended in a Tris-EDTA buffer (0.1 M Tris-HCl (pH 8.0), 10 mM 

EDTA).    The concentrations of DNA were measured by the method of 

Burton (29), and [3H]AFBi adducts to DNA were quantified by 

scintillation counting.    We performed two experiments using this 

assay.     The first experiment determined  kinetic  parameters. 

[3H]AFBi  at 5, 10, 20, 40 or 80 H-M was used as a substrate and 133' 
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at 35, 70, 105 or 140 fiM was used as an inhibitor.    As a control, 

only vehicle (DMSO) was added.    The inhibitor or DMSO was added 

just before the initiation of the incubation.    The Ki values were 

obtained by nonlinear regression analyses (30).    In the second 

experiment,  we added the inhibitor (100 \iM 133' final 

concentration) or DMSO, just before or 1 h before the start of the 

incubation.    [^HJAFBi at 5 \iM was used as a substrate. 
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Results    and    Discussion 

In the Salmonella assay with the trout liver S-20 activation 

system, 133', CT and RXM showed potent inhibitory effects against 

AFBl mutagenicity (Figure 4-1, 4-2).    I3C oligomers showed about 

80% inhibition at 3.5 ^.M of each compound and their inhibitory 

effect  saturated above this concentration  (Figure 4-1,  inset).     In 

contrast, 3.5 or 35 fiM I3C did not inhibit AFB i-mutagenicity  at  all 

(result  not  shown). 

These 13C derivatives also showed a scavenging effect toward 

AFBi-8,9-epoxide, the ultimate carcinogenic form of AFBl, in the 

Salmonella assay (Figure 4-3).    RXM was the most effective 

scavenger and 70 (iM RXM inhibited AFBl-8,9-epoxide 

mutagenicity by 41%.    The same concentration of 133' and CT 

inhibited mutagenicity 24%  and 32%, respectively.     Scavenging 

effects on AFBl-8,9-epoxide  seemed to be relatively minor 

compared with anti-mutagenic effects of I3C  oligomers  against 

parent  AFBl, based on relative oligomer concentrations required. 

However, the susceptibility of AFBl  epoxide to scavenging when 

generated   in situ within the cell may differ from susceptibility in 

these ex vivo experiments, so the relative importance of this 

mechanism   in vivo is difficult to evaluate. 

In the  microsome-mediated  AFBi-DNA binding assay, we 

examined the inhibitory effect of 133' (Figure 4-4).    133' inhibited 

AFBi-DNA binding in a noncompetitive manner (Kis = 51 (i.M, Kit = 

42 jxM).    This result was inconsistent with that of the Salmonella 

assay which showed that 3.5 |xM of 133' exhibited about 80% 
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inhibition.    However, this contradiction might be explained, to some 

extent, by the result shown in Figure 4-5.    When 133' is incubated 

with reaction components 1  hour prior to microsome and NADPH 

addition, the inhibitory effect of 133' was much less potent than 

when 133' is added just before the addition of microsome and 

NADPH.   133' might not be stable in the in vitro AFBi-DNA  binding 

system,  so its  inhibitory effect may be  underestimated. 

The present results are consistent with previous  studies in  our 

laboratory showing that I3C acts as a blocking agent in trout, in the 

absence of significant induction of detoxifying enzymes (12,19,20, 

refer to Chapter 3).    The present study is also consistent with a 

previous  tumor study performed  in our laboratory (17),  in  which 

133'  co-injected with  AFBi  to trout embryos inhibited both in vivo 

AFBi-DNA binding and final tumor incidence, but I3C did neither. 

I3C did not exhibit an anti-mutagenic effect in the Salmonella  assay 

in the present study, and I3C also did not inhibit microsome- 

catalyzed  AFBi-DNA binding in vitro (12).    In contrast, 133' 

exhibited inhibitory effects both in the Salmonella   assay and in the 

in vitro AFBi-DNA binding assay.    Taken together, these studies 

suggest that enzyme inhibition of AFBi  activation by I3C oligomers 

contributes  strongly to the anti-carcinogenic effect of I3C. 

The relative potencies for 133' inhibition of AFBi   genotoxicity 

among  the  various  assay  systems are not directly comparable, 

presumably   because   the  distributive   behaviors   and   localized 

concentrations  of substrate  and  inhibitors  differ among  the  assay 

systems.     For example, the nominal concentrations of 133' required 

to provide 80% antimutagenicity against AFBi in Salmonella, 70% 
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inhibition of AFBi-DNA adduction by microsomes in vitro, and 44% 

inhibition of AFBi-DNA adduction by microinjection into embryos in 

vivo, were 3.5 |iM, 70 ]xM and 350 jxM, respectively.    In the whole 

animal, 2000 ppm dietary I3C results in 70 \iM hepatic 133', and a 

70% reduction in hepatic AFBi-DNA adduction (21, Chapter 3). 

Thus, the in vivo results are quite consistent with these predicted by 

the in vitro AFBi-DNA binding studies, but do deviate from the 

Salmonella  assays which showed a much more potent inhibitory 

effect at lower concentrations of 13C oligomers. 

In summary, the present study clearly  showed that I3C 

oligomers had a strong anti-mutagenic effect against AFBi, and that 

133' inhibited in vitro AFBi-DNA binding in a non-competitive 

manner.    According to Chapter 3 and other studies in our laboratory, 

induction of detoxifying enzymes seem not to be the major 

inhibitory mechanism.    These studies suggest that inhibition of AFBi 

activation is the most likely mechanism against AFBi-initiated 

carcinogenesis  in  trout. 
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Figure   4-1.      Inhibition   of   AFBi    mutagenicity   by   133'   and 
CT  in the Salmonella    assay   using   TA100   with   trout   S-20. 
Three different concentrations (0.35, 3.5  and 35  |iM) were added as 
inhibitor compared with vehicle (DMSO) only.    Values represent 
triplicate determinations ± SD.    The inset shows % inhibition of 133' 
and CT. 
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Figure   4-2.      Inhibition   of   AFBi    mutagenicity   by   RXM   in 
the  Salmonella    assay   using   TA100   with   trout   S-20.     Two 
different concentrations  (3.5  and  35  fxM)  were  added  as  inhibitors 
compared with vehicle (DMSO) only.    Values represent triplicate 
determinations  ±  SD. 
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Figure   4-3.      Inhibition   of   AFBi-8,9-epoxide     mutagenicity 
by  70  |iM  133',  CT  or  RXM  in  the Salmonella    assay    using 
TA98   without   trout   S-20.      Values   represent   triplicate 
determinations  ±  SD. 



Figure  4-3. 

97 

CL 

CO 

c o 

> 

Of 

2500 r 

2000 h 

J2 1500 k 

1000 h 

500 

+ OMSO 

+ 133' 

+ CT 

+ RXM 

0.033 0.1 0.33 

HQ AFB1 epoxide/plate 



98 

Figure   4-4.       Lineweaver   Burke   plot   showing    inhibition    of 
the     microsome-mediated     AFBi-DNA   binding   by   133'.     Four 
different concentrations (35, 70,  105  or  140 pM 133') of inhibitor 
were added and compared with vehicle (DMSO) only.    Values 
represent   duplicate   determinations   ±   range. 
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Figure  4-5.     In  vitro AFBi-DNA   binding   inhibition   by    100 
(i.M 133'.    1) No preincubation and 2)  1  h preincubation of 133' in 
an AFBi-DNA binding incubation system prior to the addition of 
microsomes and NADPH.    The reaction continued for 30 min with 0.1 
mg microsomal protein.    Values are triplicate determinations ± SD. 



Figure  4-5. 

101 

jo 

1 

25 

20 - 

E 

10 

o 

I 

1 

za 

I      I + DMSO 
zza +133• 

^ 

1) No prelncubation      2) 1 h prelncubation 



102 

References 

1. Doll, R. and Peto, R. (1981) The causes of cancer: quantitative 
estimates of avoidable risks of cancer in the United States today. 
/. Natl. Cancer Inst., 66, 1192-1308. 

2. Williams, D.E. and Bailey, G.S. (1993) Potential mechanisms for 
food-related carcinogens  and anticarcinogens.  Food Technol., 47, 
105-118. 

3. Davis, D.L. (1989) Natural anticarcinogens, carcinogens and 
changing pattern in cancer: some speculation.    Environ.  Res., 50, 
322-340. 

4. Wattenberg, L.W. (1985) Chemoprevention of cancer.    Cancer Res., 
45,  1-8. 

5. Wattenberg, L.W. and Loub, W.D. (1978) Inhibition of polycyclic 
aromatic   hydrocarbon-induced   neoplasia   by   naturally   occurring 
indoles. Cancer Res., 38, 1410-1413. 

6. Bradlow, H.L., Michnovicz, J.J., Telang, N.T. and Osborne, M.P. 
(1991) Effects of dietary indole-3-carbinol  on estradiol 
metabolism  and  spontaneous  mammary  tumors  in  mice. 
Carcinogenesis,   12, 1571-1574. 

7. Jang, J.J., Cho, K.J., Lee, Y.S. and Bae, J.H. (1991) Modifying 
responses of allyl sulfide, indole-3-carbinol and germanium in a 
rat multi-organ carcinogenesis model. Carcinogenesis, 12, 691- 
695. 

8. Tanaka, T., Mori, Y., Morishita, Y., Hara, A., Ohno, T., Kojima, T. and 
Mori, H.  (1990) Inhibitory effect of sinigrin and indole-3-carbinol 
on   diethylnitrosamine-induced   hepatocarcinogenesis   in   male 
ACI/N rats.   Carcinogenesis,   11, 1403-1406. 

9. Morse, M.A., LaGreca, S.D., Amin, S.G. and Chung, F.L. (1990) 
Effects of indole-3-carbinol on lung tumorigenesis and DNA 
methylation   induced   by   4-(methylnitrosamino)-l-(3-pyridyl)-l- 
butanone (NNK) and on the metabolism and disposition of NNK in 
A/J mice.   Cancer Res., 50, 2613-2617. 



103 

10. Michnovicz, J.J. and Bradlow, H.L (1990) Induction of estradiol 
metabolism by dietary indole-3-carbinol in humans.    /. Natl. 
Cancer Inst., 82, 947-949. 

11. Bradfield, C.A. and Bjeldanes, L.F. (1984) Effect of dietary indole- 
3-carbinor on  intestinal  and  hepatic  monooxygenase,  glutathione 
S-transferase and epoxide hydrolase activities in the rat. Fd. 
Chem. Toxic, 22, 977-982. 

12. Fong, A.T., Swanson, H.L, Dashwood, R.H., Williams, D.E., 
Hendricks, J.D. and Bailey, G.S. (1990) Mechanisms of anti- 
carcinogenesis  by  indole-3-carbinol.   Studies  of enzyme  induction, 
electrophile-scavenging,  and inhibition of aflatoxin Bi   activation. 
Biochem.  Pharmacol., 39, 19-26. 

13. Danger, D.P., Baldwin, W.S. and LeBlanc, G.A. (1992) Photoaffinity 
labelling   of   steroid-hormone-binding   glutathione   S-transferases 
with [3H]methyltrienolone.     Inhibition  of steroid-binding  activity 
by  the anticarcinogen indole-3-carbinol.    Biochem. J., 288, 361- 
367. 

14. Shertzer, H.G. and Tabor, M.W. (1988) Nucleophilic index value: 
Implication in the protection by indole-3-carbinol from N- 
nitrosodimethylamine cyto and genotoxicity in mouse liver. J. 
Appl. Toxicoi, 8, 105-110. 

15. Shertzer, H.G. and Sainsbury, N. (1991) Chemoprotective and 
hepatic  enzyme induction  properties  of indole  and  indenoindole 
antioxidants in rats. Fd. Chem. Toxic, 29, 391-400. 

16. Nixon, J.E., Hendricks, J.D., Pawlowski, N.E., Pereira, C.B., 
Sinnhuber, R.O. and Bailey, G.S. (1984) Inhibition of aflatoxin Bi 
carcinogenesis in rainbow trout by flavone and indole 
compounds.    Carcinogenesis,  5, 615-619. 

17. Bailey, G.S., Hendricks, J.D. and Dashwood, R.H. (1992) 
Anticarcinogenesis in fish. Mutation Res., 267, 243-250. 

18. Dashwood, R.H., Arbogast, D.N., Fong, A.T., Pereira, C, Hendricks, 
J.D. and Bailey, G.S. (1989) Quantitative inter-relationships 
between  aflatoxin  Bi   carcinogen dose,  indole-3-carbinol  anti- 



104 

carcinogen dose, target organ DNA adduction and final tumor 
response.    Carcinogenesis, 10, 175-181. 

19. Eisele, T.A., Bailey, G.S. and Nixon, J.E! (1983) The effect of 
indole-3-carbinol,  an  aflatoxin Bi   hepatocarcinoma inhibitor,  and 
other indole analogs on the rainbow trout hepatic mixed function 
oxidase system.    Toxicol. Lett., 19, 133-138. 

20. Goeger, D.E., Shelton, D.W., Hendricks, J.D. and Bailey, G.S. (1986) 
Mechanisms  of anti-carcinogenesis  by  indole-3-carbinol:   effect  on 
the distribution and metabolism of aflatoxin Bi  in rainbow trout. 
Carcinogenesis,   7,2025-2031. 

21. Dashwood, R.H., Uyetake, L., Fong, A.T., Hendricks, J.D. and Bailey, 
G.S. (1989) In vivo disposition of the natural anti-carcinogen 
indole-3-carbinol after po administration to rainbow  trout.    Fd. 
Chem. Toxicol, 27, 385-392. 

22. Leete, E. and Marion, L. (1953) The hydrogenolysis of 3- 
hydroxymethylindole  and  other  indole  derivatives   with  lithium 
aluminum hydride. Can. J. Chem., 31, 775-783. 

23. Sinnhuber, R.O., Hendricks, J.D., Wales, J.H. and Putnam G.B. 
(1977) Neoplasms in rainbow trout, a sensitive animal model for 
environmental carcinogenesis.    Ann. N.Y. Acad. Sci.,   298, 389- 
408. 

24. Coulombe, R.A., Shelton, D.W., Sinnhuber, R.O. and Nixon, J.E. 
(1982) Comparative mutagenicity of aflatoxins  using  a 
Salmonella /trout  hepatic  enzyme  activation   system. 
Carcinogenesis,   3, 1261-1264. 

25. Lowry, O.H., Rosebrough, NJ., Farr, A.L. and Randall, R.J. (1951) 
Protein measurement with the Folin phenol reagent.    J. Bio I. 
Chem.,  193, 265-275. 

26. Maron, D.M. and Ames, B.N. (1983) Revised methods for the 
Salmonella   mutagenicity test.    Mutat. Res., 113, 173-215. 

27. Dashwood, R.H., Breinholt, V. and Bailey, G.S. (1991) 
Chemopreventive  properties   of chlorophyllin:   inhibition  of 
aflatoxin Bi (AFBl)-DNA binding in vivo and   anti-mutagenic 



105 

activiy against AFBi  and two heterocyclic amines in the 
Salmonella  mutagenicity assay.    Carcinogenesis,   12, 939-942. 

28. Yoshizawa, H., Uchimaru, R., Kamataki, T., Kato, R. and Ueno, Y. 
(1982)    Metabolism and activation of aflatoxin Bl  by 
reconstituted cytochrome P-450 system of rat liver.    Cancer Res., 
42,  1120-1124. 

29. Burton, K. (1956) A study of the conditions and mechanisms of 
the  diphenylamine reaction  for the colorimetric  estimation  of 
deoxyribonucleic acid.   Biochem. J., 62, 315-322. 

30. Duggleby, R.G. (1984) Regression analysis of nonlinear arrhenius 
plots: an empirical model and a computer program. Comput. Biol. 
Med.  14, 447-455. 



106 

CHAPTER  5 

The    Model    Ah-Receptor    Agonist    B-Naphthoflavone 
Inhibits   Aflatoxin   Bl-DNA   Binding   In   Vivo 

at    Sub-CYPlAl    Inducing    Dietary   Levels 

Naoko  Takahashi 

and 

David E. Williams 

Department of Food Science and Technology, 

Oregon State University, 

Corvallis, OR 



107 

Contribution    of    Authors 

Naoko Takahashi, David E. Williams and George S. Bailey 1 

Department of Food Science and Technology and the 

Marine/Freshwater Biomedical  Sciences Center,  Oregon  State 

University, Corvallis, OR 97331 

iTo  whom correspondence  should be  addressed. 



108 

Abstract 

6-Naphthoflavone (BNF) is a well-known Ah receptor agonist 

and a modulator of chemical carcinogenesis in both rat and trout. 

We investigated the effect of BNF treatment on CYP1A1 induction 

and aflatoxin Bi  (AFBi)-DNA binding inhibition in vivo and in vitro 

in rainbow trout.    With continuous feeding of 700 ppm BNF, the 

level of hepatic CYP1A1 reached maximum induction after 4 days 

and was maintained for the duration of the 3 week feeding trial.    In 

an in vivo AFBi-DNA binding experiment, [^HJAFBi was injected ip 

1, 2, 3, 5 or 7 days after the start of 700 ppm BNF diet.   The levels of 

hepatic   AFBi-DNA binding were found to vary inversely with 

CYP1A1-dependent  ethoxyresorufin   <9-deethylase (EROD) activity (r 

= -0.90, p = 0.015).   However, at much lower levels of dietary BNF 

(0.2 ppm to 10 ppm given for 1 week before AFBi  ip injection), 

hepatic  AFBi-DNA binding was inhibited strongly (69% inhibition at 

5 ppm BNF) and in a dose-dependent manner, in the complete 

absence of detectably induced EROD activity.    In the intermediate 

range of 10 ppm to 200 ppm BNF treatment, EROD activity was 

induced  in  a dose-dependent  manner but  the  apparent  inverse 

relationship of EROD with reduced AFBi-DNA binding was not 

significant (r = -0.704, p = 0.118)   When in vitro AFBi-DNA   binding 

was assessed using liver microsomes from trout fed  10 to  100 ppm 

BNF, induced microsomal EROD activity was found to correlate 

moderately with in vitro AFBl-DNA  binding  inhibition.     However, 

microsomes from 5 ppm BNF-treated trout had no more EROD 

activity than control, and no less in vitro AFBl-DNA  binding  activity 
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than control.    Thus, the potent inhibition of AFBi-DNA binding in 

liver in vivo by 5 ppm BNF was a result of neither CYPlAl induction 

nor irreversibly reduced catalytic capacity for AFBi-8,9-epoxide 

formation.    These findings suggest that CYPlAl  induction might play 

some protective role both in vivo and in vitro against AFBi at higher 

BNF  doses, but does not do so at lower doses and does not constitute 

the primary inhibitory mechanism against in vivo AFBi-DNA 

binding in rainbow trout at any dose examined. 
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Introduction 

Mechanisms of cancer modulation  by natural and  synthetic 

compounds   have  gained  increased  attention   (1-3). 6- 

Naphthoflavone (BNF) is a well-known Ah receptor agonist (4) and a 

synthetic  cancer modulator in  chemically induced  carcinogenesis  (5- 

8). BNF is generally believed to alter tumor initiation through 

induction of enzymes involved with metabolism of carcinogens, 

especially cytochrome P450 (CYP) 1A isozymes (6,7,9). 

Aflatoxin Bi (AFBl), a widespread contaminant of human food 

supplies, is a potent hepatocarcinogen in several animal models (10), 

and has been implicated as a hepatocarcinogen in humans (11,12). 

AFB i   requires bioactivation to a highly electrophilic intermediate, 

AFBi-8,9-epoxide, which binds to DNA covalently, resulting in 

carcinogenicity.    This epoxidation is catalyzed by microsomal CYP 

isozymes (13,14) and in trout, by CYP2K1 (previously called LMC2 or 

LM2) (14,15).    The final tumor response has been highly correlated 

with  hepatic AFB i -DNA adducts in rainbow trout (16,17).    It has 

been  shown that dietary pretreatment with BNF modulates in vivo 

AFBl  metabolism, inhibits AFBl-DNA binding and reduces final 

tumor response in trout (17,18).    BNF also inhibits AFBl-initiated 

carcinogenesis in rat (6) and we have recently shown that in rat, 

pretreatment with BNF inhibits AFBl-DNA binding in vivo as it does 

in trout (D.M. Stresser et al, submitted  for publication). 

It has been variously proposed that BNF exhibits this 

inhibitory effect by inducing detoxifying enzymes  such as uridine 

diphosphate glucuronyl transferase (UDPGT) (19) or glutathione  S- 
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transferase (GST) (20) as well as the CYP 1A family.   BNF has been 

shown, in both trout and rats, to be a potent inducer of CYPlAl, 

with  consequently increased conversion of AFBi to the less toxic 

metabolite,  aflatoxin  Ml   (AFMi) in vivo (18) and in vitro  (6,21-25). 

In trout, AFBi  is also reduced by cytosolic enzymes to aflatoxicol 

(AFL) (26,27), which is further metabolized to aflatoxicol Mi 

(AFLMi), a reaction also believed to be catalyzed by CYPlAl (28). 

Thus, in trout, BNF treatment also greatly increased biliary levels of 

AFLMi glucuronide (29).    Both AFMi and AFLMi can be viewed as 

detoxified products because:  a) they are much less mutagenic than 

AFBi in the Salmonella  assay using trout (25,30) or rat (31) liver 

postmitochondrial fractions; b) the levels of DNA binding of AFMi 

and   AFLMi   in freshly prepared trout hepatocytes were significantly 

less than that of AFBi (32); and c) AFMi is only 10% as carcinogenic 

as  AFBi  by dietary treatment in trout (Bailey et al., submitted for 

publication).    These studies can be taken to indicate that the 

primary mechanism for BNF inhibition of AFBi-DNA binding and 

hepatocarcinogenesis reflects CYPlAl  induction, which diverts AFBi 

to the less toxic metabolites AFMi and (in trout) AFLMi. 

However, these studies were routinely carried out at high BNF 

doses  and  did  not consider alternative  mechanisms  that may  operate 

over a wider BNF dose range.    For example, we have recently 

determined  that BNF is a potent inhibitor of microsome-mediated 

AFBi-DNA binding activity in trout (refer to Chapter 6), an activity 

that may be more important than CYPlAl induction.    The purpose of 

the present study was to investigate in detail the significance of 
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CYPlAl induction as an inhibitory mechanism against AFBi-DNA 

binding  and AFB 1-initiated carcinogenesis in rainbow  trout. 
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Materials    and    Methods 

Chemicals 

[3H(G)]AFBi  was purchased from Moravek Biochemicals, Inc. 

(Brea, CA).    [^Sijpjotein A (sp. act. 30 (iCi/^ig) was obtained from 

ICN Biochemicals, Inc. (Irvine, CA).    We purchased 7-ethoxyresorufin 

from Aldrich Chemical Co. (Milwaukee, WI).    Tris-saturated phenol 

was purchased from aMResco (Solon, OH).    All other chemicals were 

purchased from Sigma Chemical Co. (St Louis, MO).   The purity of 

BNF was confirmed to be > 95 % by reverse phase Cig HPLC. 

Purifications  of enzymes and antibodies 

Trout CYP1A1  (previously designated LM4b), CYP2K1 

(previously designated LM2 or LMC2), and their antibodies 

(CYPlAl-IgG, CYP2Kl-IgG) which were raised in rabbit, were 

purified using the method of Williams and Buhler (15,33). 

Abbreviations:  BNF, 6-naphthoflavone;    CYP, cytochrome P450; 
AFBi, aflatoxin Bi;    UDPGT, uridine diphosphate-glucuronyl 
transferase;    GST, glutathione S-transferase;    AFMj, aflatoxin Mi; 
AFL, aflatoxicol;   AFLMi, aflatoxicol Mi;   PMSF, 
phenylmethylsulfonylfluoride;     SDS-PAGE,  sodium dodecyl  sulfate- 
polyacrylamide gel electrophoresis;    EROD, ethoxyresorufin O- 
deethylase;    DMSO, dimethyl sulfoxide. 
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Animals and diets 

Mt. Shasta strain rainbow trout (Oncorhynchus   mykiss) were 

reared in the Food Toxicology and Nutrition Laboratory at Oregon 

State University.    Fingerling trout (3-5 months old) were fed a 

casein-gelatin  based  semipurified diet (34),  or the  semipurified  diet 

containing 0.2 ppm to 700 ppm BNF.    Because exposures by diet are 

voluntary, the initial response kinetics for enzyme induction  can 

differ between experiments  (e.g. Figures  5-1   and  5-2)  apparently 

due to feeding behavior.    Immediately after trout were killed, the 

livers were frozen in liquid nitrogen and kept at -80° C until they 

were   homogenized  and  prepared  for  immunoquantitation   and 

enzyme   assays. 

Liver  homogenate and microsome preparation 

The livers were homogenized in 0.1  M potassium phosphate 

(pH 7.5), 20% glycerol, 0.1 mM EDTA and 0.2 mM 

phenylmethylsulfonylfluonde  (PMSF)  on  ice  using  a Potter-Elvehjem 

Teflon homogenizer.    Liver microsomes were prepared  by the 

method of Eisele et al. (35).    The final microsomal pellet was 

resuspended in 0.1 M potassium phosphate (pH 7.25), 20% glycerol, 

1 mM EDTA and 0.2 mM PMSF.   The levels of protein were assayed 

according to the method of Lowry et al. (36).    Bovine serum albumin 

was used as a standard. 

Immunoquantitation 

Proteins  (25  |ig) from liver homogenates  was  separated by 

SDS-PAGE (37), electrophoretically transferred to nitrocellulose 
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paper, and probed for CYP1A1 and CYP2K1 (38) using rabbit anti- 

trout CYPlAl-IgG and rabbit anti-trout CYP2Kl-IgG.    The blots were 

then incubated with [125i]protein  A  and  the radiolabelled  proteins 

visualized by  autoradiography.     Density of bands  was  determined  by 

scanning laser densitometry using a model  SLR-504-XL Zeineh 

scanning  densitometer  (Biomed  Instruments,  Fullerton,   CA). 

Purified trout CYP1A1 and CYP2K1 were used as standards for 

immunoquantitation. 

Time  course  enzyme  induction and suppression 

BNF (700 ppm) was fed continuously for 3 weeks.    Trout were 

killed and livers were taken at 12, 24 or 48 h or at 4, 8, 14 or 21 

days following initial feeding.    Samples were taken from one pool of 

7 livers per each time point, so no error estimates were available 

from this experiment.    Samples were immediately frozen in liquid 

nitrogen and kept at -80° C  until they were  homogenized. 

Homogenates  from sample livers were used  for western  blotting  to 

observe the levels of CYP1A1 and CYP2K1. 

In vivo AFBj-DNA binding 

1) Time course: 

Trout (1-2 g body wt) were fed either control or 700 ppm BNF 

diet for 7 days, and randomly divided into 2 groups for the DNA 

binding experiment and CYP1A1  determinations.    One group was 

injected ip with [3H]AFBi (30 (iCi/10 ng/kg) on 1, 2, 3, 5 or 7 days, 

24 h after the last feeding.    This concentration of AFBi  was chosen 

because it is non-saturating for AFBi-DNA binding and is in the 
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range where AFBi concentration and in vivo AFBi-DNA binding are 

proportional (17).    Animals were killed 24 hours after ip injection, 

and DNA was isolated from three pools of 7 livers per treatment. 

Specific activities of carcinogen-DNA adducts were analyzed as 

described previously (39,40).    The remaining group was  sampled  1, 

2, 3, 5 or 7 days following the initial feeding (without [^HjAFBi- 

injection) and livers were taken for preparation of homogenates for 

ethoxyresorufin  O-deethylase (EROD) assays and western blotting. 

2)   Dose-response: 

Three   separate  dose-response   studies  were  conducted  as 

follows: 

a) Trout (8-12 g body wt) were fed control, 0.2, 0.5, 1.0, 2.0, 5.0 or 

10 ppm BNF diets for 7 days.    Thirty trout in each treatment were 

randomly divided into 2 groups.    On day 8, fifteen trout in one of the 

groups were injected ip with [3H]AFBi  (30 [iCi/10 \ig AFBi/kg). 

Twenty-four hours after ip injection, the trout were killed.    DNA was 

isolated from three pools of 5 livers per treatment and analyzed as 

described previously (39,40).    The other group was killed on day 8 

without [3H]AFBi injection and the livers were taken for 

preparation of homogenates for EROD assay and western blotting. 

b) Trout (3-4 g body wt) were fed control, 10, 25, 50,  100 or 200 

ppm BNF diets for 7 days.    Trout were treated the same as in a) 

except that DNA was isolated from 3 pools of 7 livers per treatment. 

c) Trout (8-12 g body wt) were fed control, 100, 200, 300, 500 or 

700 ppm BNF diets for 7 days.    Trout were treated the same as in a). 
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Ethoxyresorufin-O-deethylase  (EROD) assay 

EROD was assayed at 25° C, the optimal temperature for trout 

CYP1A1-dependent EROD (41), according to the method of Burke et 

al. (42), using 500 jig protein from liver homogenates or liver 

microsomes.    For in vitro enzyme inhibition assays, 5  |il of inhibitor 

(BNF) in DMSO was added to the incubation mixture at a final 

concentration of 5 to 500 nM and at a final volume of 1 ml.    The 

incubation  mixture contained  the buffer described  above,  50  nM 

ethoxyresorufin  and   100  |ig protein  from  200 ppm  BNF-treated 

trout microsomes.    Control incubations contained 5 |il of vehicle 

(DMSO). 

In vitro [^HJAFBl-DNA binding assay 

Liver microsomes were prepared from control or 5  to 200 ppm 

BNF-fed trout, and assayed for capacity to catalyze AFBi-DNA 

adduction using a modification of the method of Fong et al. (43) and 

Yoshizawa  et al. (44).    The incubation mixture contained 150 [Xg calf 

thymus  DNA,   100 jig microsomal protein (unless otherwise 

specified), 0.2 mM EDTA, 30 \iM MgCl2, 0.1 M Tris-HCl (pH 8.0) and 

5, 50 or 80 |i.M AFBi  (1 (iCi for each sample).    Incubation was 

initiated by addition of NADPH (1 mM), and continued at 27 0C in the 

dark for 30 min unless otherwise indicated.    Incubation was 

terminated by adding 50 ^il of 10% SDS.    DNA was extracted by Tris- 

saturated phenol, chloroform and chloroform : isoamyl alcohol (24 : 

1).    DNA was precipitated by adding isopropanol and resuspended in 

a Tris-EDTA buffer (0.1 M Tris-HCl, 10 mM EDTA, pH 8.0).   The 

amount of AFBi  adducted to DNA was quantified by scintillation 



118 

counting, and the concentration of DNA was measured by the 

method  of Burton (40).    We performed three experiments  using  the 

AFB i -DNA binding assay.    In the first experiment, liver microsomes 

from control or 5 ppm BNF-fed trout were prepared from the same 

livers used for EROD assay in a dose response study of in vivo AFBi- 

DNA binding.    The substrate concentration was 50 ^iM.    In the 

second experiment, microsomes from control,  10, 25, 50 or 100 ppm 

BNF-fed trout were used.    The concentration of AFBi used was 50 

|j,M.     In the third experiment, liver microsomes from control or 200 

ppm BNF-fed trout were used.    As a substrate, 5 or 80 |J,M AFBl 

was  added to the incubation system. 
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Results 

Time-course relationship between CYP1A1  induction and AFBj-DNA 

binding in vivo 

CYP1A1 induction by 700 ppm BNF reached a plateau on day 4 

following the onset of feeding and then the level of CYP1A1 was 

maintained throughout the time of BNF feeding (Figure 5-1).    The 

level of CYP2K1 appeared to be suppressed to about 1/2 of the 

control level after 4 days, when expressed per mg protein (Figure 5- 

1), but this fractional change was not observed in subsequent 

experiments. 

To assess the relationship between CYP1A1  induction and 

AFBi-DNA binding in vivo over time, 700 ppm BNF diet was fed for 

up to 7 days (Figure 5-2).   At 0, 1, 2, 3, 5 or 7 days, [3H]AFBi (10 

Hg/kg body weight) was injected and 24 h later AFBi-DNA   binding 

in liver was quantified.    As shown in Figure 5-2, AFBi-DNA   binding 

was inhibited by 31% on day 1, 67% on day 2, 69% on day 3, 75% on 

day 5 and 79% on day 7 compared with the control group.   EROD 

activity and CYP1A1 level were also quantified and found to be 

highly correlated to each other (r = 0.95; data not shown).    Induction 

of EROD activity and CYP1A1 reached a plateau at day 2, somewhat 

more rapidly than in the Figure 5-1  experiment.    There was a 

moderate inverse correlation between EROD activity and in vivo 

AFBi-DNA binding (r = -0.90, p = 0.015).    In this experiment, the 

level of CYP2K1 was not reduced (data not shown). 
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Dose-response relationship between CYP1A1  induction and AFBi- 

DNA binding in vivo 

The BNF dose-response experiments used 3 different ranges of 

BNF.    In experiment 3-a, control or 0.2 to 10 ppm BNF diet was fed. 

In this range, hepatic EROD activities were not induced at any dose 

of BNF (Figure 5-3A).    However, there was dose-dependent 

inhibition of AFBi-DNA binding (Figure 5-3A) which was significant 

at the two highest doses (5 and 10 ppm). 

In experiment 3-b, control or 10 to 200 ppm BNF diet was fed. 

In this range, trout liver EROD activity was significantly induced 

only at 50 ppm and above dietary BNF (Figure 5-3B).    However, 

AFBi-DNA binding was inhibited significantly at all doses.    In this 

experiment, there was no significant correlation between AFBi-DNA 

binding and EROD activity (r = -0.704, p = 0.118). 

In experiment 3-c, control or 100 to 700 ppm BNF diet was 

fed.    Induction of EROD activity was saturated at 300 ppm and above 

BNF (Figure 5-3C).   However, the inhibitory effect on AFBi-DNA 

binding by BNF treatment seemed to be saturated by  100 ppm BNF. 

There was no significant correlation between AFBi-DNA  binding  and 

EROD activity in this range of BNF treatment (r = -0.697, p=0.124). 

No CYP2K1 suppression was observed at any BNF dose in this 

experiment. 

The effect of dietary BNF on microsomal AFBi  activation 

We also examined in vitro microsome-mediated AFBi-DNA 

binding and EROD activity using liver microsomes from control or 

BNF-fed trout.    To make microsomes, we used the same control and 
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5 ppm BNF-induced trout livers used in the experiment of Figure 5- 

3A).    As expected, there was no difference in EROD activity between 

control and BNF-induced microsomes (Figure 5-4).    With respect to 

in vitro microsome-mediated   AFBi-DNA binding, the activities of 

the liver microsomes from control and 5 ppm BNF-treated trout 

were also not significantly different.    This observation confirmed 

that CYP1A1 induction was not involved with the in vivo inhibition 

of AFBl-DNA binding by 5 ppm BNF treatment.   Of equal 

importance,  this experiment established  that  inhibition  in vivo at 

low BNF dose could not be ascribed to BNF-mediated inactivation or 

suppression of microsomal catalytic capacity for AFBi-8,9-epoxide 

formation. 

We also examined in vitro AFBl-DNA binding using liver 

microsomes from control, 10, 25, 50 or 100 ppm BNF-fed trout. 

Liver microsomes from BNF-fed trout activated AFBi  22-51% less 

than  control  microsomes  (Figure 5-5),  with  activating capacity 

tending to vary inversely with BNF dose.   EROD also tended to vary 

inversely with in vitro AFBl-DNA binding activity although the 

correlation was not significant (r = -0.83, p = 0.080).    Note that the 

10-fold difference in microsomal EROD activity in the 10 ppm and 

100 ppm BNF diet treatments resulted in only 22% additional 

inhibition in the generation of AFBl-DNA  binding   intermediates, 

which illustrates the lack of a definitive relationship between AFBi- 

DNA binding and induction of EROD. 

In the previous experiment, only 50 |iM AFBi was used as a 

substrate, which is near the Km   concentration  of control  microsomes 

for  AFBi  (refer to Chapter 4 and 6).    In the next experiment, 5 or 80 
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|a.M  AFBi was used and AFBi-DNA binding activity of liver 

microsomes from control and 200 ppm BNF-fed trout were 

compared (Table 5-1).    The microsomes from BNF-treated trout had 

55%  and 49%  activity compared with microsomes from untreated 

trout at concentrations of 5 and 80 ^.M AFBi,  respectively,  which 

shows that our correlations are not compromised through the use of 

saturating   substrate   concentrations. 

It was important to determine if residual BNF in microsomes 

from BNF-fed trout might contribute to the results in Figure 5-5.    To 

examine this, we studied the effects of freshly added BNF on the 

inhibition of EROD activity in induced microsomes derived from 

trout fed 200 ppm BNF.    BNF, when added to microsomal assays, was 

found to be a potent inhibitor of EROD activity (Figure 5-6); 5, 10, 

20, 50, 100, 200 and 500 nM BNF inhibited EROD activity of the BNF- 

induced microsomes 33%, 47%, 66%, 78%, 90%, 93% and 100%, 

respectively, indicating a Ki of ca. 10 nM BNF for EROD.   The 

concentrations of 5, 50 and 500 nM BNF would be equivalent to 5, 

50 and 500 pmol BNF in 100 (ig protein.    We show elsewhere 

(Chapter 6) that 2 [iM BNF is required to decrease in vitro AFBi- 

DNA binding activity of control microsomes by 30%.   This BNF 

concentration  is  equivalent  to  500  pmol/100  Jig  protein,   sufficient 

to completely abolish EROD activity in Figure 5-5.    From these 

results, we feel it is very unlikely that the BNF-induced microsomes 

had enough residual BNF to decrease [3H]AFBI-DNA binding activity 

by  inhibiting activating enzymes, because the amount required  to do 

so would have totally eliminated EROD activity. 
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Discussion 

Inhibition of AFB l-initiated hepatocarcinogenesis by BNF is 

associated with reduction of AFBi-DNA binding in rainbow trout 

(7,17,18),  though quantitative associations  have  yet to be 

established.     Our working hypothesis has  been that BNF-mediated 

reduction in AFBi-DNA adduction in this model can be ascribed to 

its induction of CYPIAI.    BNF induction of other possible detoxifying 

enzymes in trout was previously examined, such as UDPGT or GST in 

rainbow trout (19,45).    GST was found not to play a significant role 

in AFBi  detoxication in this species, nor did BNF pretreatment alter 

liver GST activity or AFB i-glutathione conjugate levels in bile (45). 

Though total UDPGT activity can be induced 2- to 3-fold by a single 

ip injection of BNF (50 mg/kg), EROD activity was induced over 20- 

fold by the same treatment in rainbow trout (19).    Moreover, the 

effect of BNF treatment is to selectively enhance AFLMi-glucuronide 

but not AFL-glucuronide (18), which  argues that enhanced biliary 

AFLMi-glucuronide is driven by elevated  substrate, not enzyme 

activity.    These observations indicate that BNF induces UDPGT 

activity much less effectively than EROD activity in trout and 

suggests little probability that UDPGT induction can be a major 

mechanism for inhibition of AFBi  carcinogenesis, especially at sub- 

CYP1A1 inducing doses of BNF. 

Another possible mechanism is inhibition or suppression of in 

vivo activating enzymes such as CYP2K1.    In support of this, we 

recently determined that BNF is an effective inhibitor of microsome- 

mediated   AFBi-DNA binding in vitro (refer to Chapter 6).   It also 
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has been observed that the apparent level of CYP2K1 can be 

suppressed by BNF exposure (15, Figure 5-1  in this study), which 

could contribute to reduced carcinogen bioactivation.    However,  this 

response is not seen in all experiments, and may simply reflect 

relative rather than absolute, decreases in CYP2K1  in treatments 

that  strongly induce CYP1A1   and other Ah-responsive  genes. 

Studies to quantify BNF effects on total liver CYP2K1 and associated 

AFB i -activating enzymes are needed to assess the significance of 

this   mechanism. 

In the time-course AFBl-DNA binding experiment, EROD 

activity and AFBl-DNA binding inhibition showed a significant 

negative correlation (r = -0.90, p = 0.015).    This correlation, 

however, does not demonstrate that EROD induction is a primary 

component of the inhibitory mechanism.    In fact, the dose-response 

AFBl-DNA binding experiment showed for the first time that 

dietary BNF can strongly inhibit AFBl-DNA binding at doses that do 

not induce EROD activity.    The phenomenon was not observed 

previously because we routinely used doses of BNF sufficient to 

strongly induce CYP1A1.    It is important to point out, however, that 

higher doses of BNF might provide additional inhibitory effect 

beyond the 69% seen at sub-CYPlAl inducing levels.    For example, 

in Figure 5-3B, the 200 ppm BNF treatment inhibited AFBl-DNA 

binding to a greater extent than did the  10 ppm BNF treatment. 

This  observation  is  supported  by  the  experiments  with  microsomes 

from BNF-treated trout, which contained control levels of CYP2K1 

but catalyzed less AFBl-DNA binding than control microsomes, in 

the apparent absence of significant BNF itself.    Thus in vitro, in the 
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absence of other mechanisms, including the presence of BNF as a 

catalytic inhibitor, microsomes containing induced EROD do display 

reduced production of AFBi-DNA binding intermediates.    In vivo, 

however, the catalytic inhibitor at low, non-inducing doses must also 

apply at higher BNF exposures.    In fact, inhibition due to this 

mechanism must increase with BNF dose until its effective cellular 

concentration   considerably  exceeds   Ki.    Our interpretation of these 

results is that CYPlAl  induction may play an additional inhibitory 

role in vivo, but it will be, at most, a minor one. 

In summary, this study showed for the first time that BNF can 

inhibit in vivo AFBi-DNA binding without detectable CYPlAl 

induction.    We conclude that CYPlAl induction may also contribute 

to BNF inhibition against in vivo AFBi-DNA binding, but only at 

higher doses of BNF, and to a relatively minor extent. 
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Figure   5-1.       CYPlAl   induction   and   CYP2K1   suppression 
with   continuous   feeding   of   700   ppm   BNF   to   fingerling 
rainbow trout.    Data   points   represent   single   determinations   of 
CYPlAl content or CYP2K1 content on pools (N=7) of trout liver 
homogenates  by immunoquantitation.    Filled circles  show  CYPlAl 
and open circles show CYP2K1. 
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Figure   5-2.   Time  course  of  [3H]AFBl-DNA    binding 
inhibition   in   vivo   and   EROD   induction   by   700   ppm   BNF. 
Open circles show EROD activity of liver homogenates induced by 
continuous feeding of 700 ppm BNF to fingerling trout.    Filled circles 
show  AFBi binding to DNA in liver.   Data are means ± SD from three 
pools of 10 animals. 
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Figure  5-3.    Dose-response   of   [^HJAFBl-DNA    binding 
inhibition   and   EROD   induction   by   BNF.    A) Trout were fed 
control or 0.2-10 ppm BNF.    B) Trout were fed control or 10-200 
ppm BNF.    C) Trout were fed control, 100-700 ppm BNF.   Filled bars 
show the amount of AFBi bound to DNA in liver.   Slashed bars show 
EROD activity of liver homogenates.    Data are means ± SD from 3 
pools of 5 or 7 animals each.    Results significantly different from the 
control group are indicated; * p<0.05, ** p<0.01. 
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Figure  5-3A. 
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Figure  5-3B. 
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Figure 5-3C. 
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Figure  5-4.     In   vitro   AFBl-DNA   binding   activity    and   EROD 
activity   using   liver   microsomes   from   control    or   5   ppm 
BNF-fed  trout.    Crossed bars show AFBl-DNA  binding   activity, 
and slashed bars show EROD activity.   Data are means ± SD from 3 
pools of 7 animals each. 
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Figure 5-5.    In   vitro   AFBl-DNA   binding   activity   and   EROD 
activity   using   liver   microsomes   from   control   or   10,   25,   50 
or 100 ppm BNF-fed trout.    Crossed   bars   show   AFBi-DNA 
binding activity and slashed bars show EROD activity.    Data are 
means ± SD from 3 pools of 7 animals each. 
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Figure   5-6.      EROD   activity   of   liver   microsomes   from   BNF- 
fed   and   control   trout   and   inhibitory   effect   of   BNF   on 
microsomes from BNF-fed  trout.     BNF was  added  to EROD 
incubations at concentrations of 5, 10, 20, 50, 100, 200 or 500 nM. 
The filled bar shows EROD activity of microsomes from BNF-fed trout 
liver, and the blank bar shows that of control microsomes.    The 
slashed bars show EROD activity of microsomes from BNF-treated 
trout liver inhibited by addition of BNF.    Values represent the 
average of two replicates ± SD. 
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Table   5-1.   In  vitro AFBi-DNA   binding   activity    using    liver 
microsomes   from   control   and   200   ppm    BNF-fed   trout. 

AFB 1   concentration Control   microsomes BNF-treated   microsomes 

5   UM 138.5  ±  8.4 76.3  ±  0.3 

80   uM 1072.0  ±   118.0 527.0  ±  97.0 

Values  are triplicate determinations ± SD. 
The incubation was continued for 20 min with 50 |ig microsomal 
protein. 
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Abstract 

The effect of 6-naphthoflavone (BNF) on in vitro aflatoxin Bi 

(AFBi)-DNA binding was observed using rainbow trout microsomes. 

In vitro AFBi-DNA binding in trout liver is believed to be catalyzed 

mainly by cytochrome P450 2K1  (CYP2KIndependent 8,9- 

epoxygenation, and is totally NADPH-dependent.    BNF was found to 

inhibit   microsome-mediated   AFBi-DNA binding in a competitive 

manner  (Ki =3.03 ± 0.25 ^M).   The apparent Km for AFBi  of 104.2 

jiM was increased to 137, 170, 276 |iM in the presence of 1, 2 and 

5 |iM BNF, respectively.    However, the inhibitory effect of BNF was 

saturated over 5 (i.M BNF, and reached a maximum inhibition of 70% 

which  was  independent of substrate concentration in  the range  5-80 

(xM  AFBi.    To evaluate the possibility that AFBi  activation is 

catalyzed by more than one CYP isozyme, we examined BNF 

inhibition of lauric acid (co-l) hydroxylation, which is  specifically 

catalyzed by CYP2K1.   BNF at 5 fiM totally inhibited lauric acid (co-l) 

hydroxylase activity.    These results suggest the presence in trout 

liver of more than one CYP isozyme which activates AFBi, and 

although BNF can potently inhibit enzyme activation of AFBi, it can 

not completely inhibit CYP-dependent AFBi  activation.    This finding 

provides a mechanistic explanations for the failure of even very 

high doses of BNF, to completely inhibit AFBi  carcinogenesis in the 

trout, a finding which may apply to other blocking agents as well. 
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Introduction 

Aflatoxin  Bi  (AFBi) is a potent hepatocarcinogen in many 

species (1,2).    It has been reported that 6-naphthoflavone (BNF), a 

well-known  Ah-receptor  agonist,  inhibited  AFBl-initiated 

hepatocarcinogenesis in rats (3) and trout (4,5) and modulated in 

vitro AFB l   metabolism in many species (6-9). 

It is believed that modulation of AFB i-metabolism   and 

carcinogenesis by BNF is due to its ability to induce CYP1A1 which 

converts  AFBl to aflatoxin Ml  (AFMl) in trout and rats.   AFMi is 

much less mutagenic than AFBl in a Salmonella assay using a trout 

hepatic enzyme activation system (10), and AFMi  bound to DNA less 

than   AFBl  in hepatocytes from rainbow trout (11).    In livers from 

BNF-treated rainbow trout, CYP1A1  was strongly induced (12), and 

hepatic   AFMi   concentrations were four-fold higher in BNF-treated 

fish than in control 5 hours after AFBl exposure (5).    It was also 

reported that BNF exposure decreased in vivo AFBl-DNA   binding 

(5).    These results suggested that CYP1A1 induction is a major 

inhibitory mechanism against AFB i-DNA binding and 

hepatocarcinogenesis  in  this  species. 

However, recently we found that BNF exhibited a potent 

inhibitory effect against in vivo AFBl-DNA binding in rainbow trout 

at sub-CYPlAl inducing dietary levels (refer to Chapter 5).    This 

indicates a clear need to evaluate other possible mechanisms of BNF 

inhibition  against AFBl-DNA binding.    In the present study, we 

focused on inhibition of enzyme activation of AFBl using an in vitro 

AFBl-DNA binding assay and the lauric acid (co-1)   hydroxylase 
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assay, which is specifically catalyzed by CYP2K1 (13), a trout CYP 

isozyme known to activate AFBi (14). 
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Material    and    Methods 

Materials 

PH(G)]AFBi  was purchased from Moravek Biochemicals, Inc. 

(Brea, CA).    [ 1-14c]Laurie acid (26 mCi/mmol) was purchased from 

Amersham Corporation (Arlington Heights, IL).     Tris-saturated 

phenol was purchased from aMResco (Solon, OH).    All other 

chemicals were purchased from Sigma Chemical Co. (St Louis, MO). 

The purity of BNF was confirmed to be > 95 % by reverse phase Ci g 

HPLC. 

Animals and diets 

Mt.  Shasta strain rainbow trout were reared in our laboratory. 

Trout  (200-300 g) were fed a casein-gelatin based semipurified  diet 

(15) and starved for 48 h to allow complete digestion of the last 

meal.    Trout were then killed and livers were taken    and 

immediately frozen in liquid nitrogen and kept at -80 0C until liver 

microsomal preparation for in vitro [^HJAFBi-DNA binding and 

lauric  acid  hydroxylase  assays. 

Microsomal   preparation 

Microsomes were prepared as previously described (16). 

Protein concentrations of microsomes were determined by the 

method of Lowry et al. (17). 

Abbreviations: AFBi, aflatoxin Bi;  BNF, 6-naphthoflavone;  CYP 
cytochrome P450; AFMi, aflatoxin Mi; DMSO dimethyl sulfoxide. 
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In vitro AFBj-DNA binding 

In vitro [^HJ-AFBi-DNA binding assays were conducted as 

previously described  (18,19).     The final reaction mixture  volume 

was 250 |il which contained 150 jxg calf thymus DNA, 100 )j.g 

microsomal protein (unless otherwise indicated), 0.2 mM EDTA, 30 

|iM MgCl2, 0.1 M Tris-HCl, pH 8.0, 5-80 nM [3H]AFBI (1.0 

^Ci/sample, in 5 ^il DMSO) with 0-500 |iM BNF (in 5 |nl dimethyl 

sulfoxide (DMSO)).   The reaction was initiated by adding NADPH to 1 

mM and incubated in the dark at 27 0C for 30 min unless otherwise 

indicated.   The reaction was terminated by 50 |il of 10% SDS.   DNA 

was  extracted  by Tris-saturated  phenol,  chloroform  and  chloroform- 

isoamyl alcohol (24 :  1 in volume).    After the final extraction, the 

aqueous phase was added to  1 ml isopropanol to precipitate DNA. 

DNA was pelleted by a bench-top centrifuge and isopropanol was 

removed.    DNA was dried for 1 h and 1 ml of Tris-EDTA buffer (0.1 

M Tris-HCl (pH 8.0), 10 mM EDTA) was added to resuspend DNA. 

The radioactivity was  measured by scintillation counting  and the 

amount of DNA was measured by the method of Burton (20). 

We performed four experiments using this assay.    The first 

experiment examined kinetic parameters.     AFBl at 5, 10, 20, 40 or 

80 (iM was used as substrate, and BNF at 1, 2 or 5 (xM was added 

as inhibitor.   Vehicle only (DMSO) was added as a control.   The Ki 

value for BNF inhibition was calculated by non-linear regression 

analyses (21).    In the second experiment, 5,  10, 20, 40 or 80 jiM 

AFB i was used as substrate, and 0.5, 5, 50 |iM BNF was added as 

inhibitor and compared with the vehicle (DMSO) only.    In the third 

experiment, 5  or 80 fiM AFBl  was used as substrate, and 0.5, 5 or 
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50 or 500 (iM BNF was added as inhibitor.    The incubation was 

continued for 20 min with 50 \ig microsomal protein.    In the forth 

experiment, 5  jxM AFBi  was used as substrate and 50 |iM BNF was 

added as inhibitor.    NADPH was added to some samples, while the 

same volume of water was added to others as a blank.    Microsomes 

heated at 80 0C for 10 min were used as no-enzyme control. 

Lauric acid ((o-l) hydroxylase  assay 

Lauric acid (co-1) hydroxylation was  assayed using control 

trout liver microsomes by a modification of the method of Miranda, 

et al. (13).    The incubation mixture contained 50 mM Tris-HCl buffer 

(pH 7.4), 80 (XM [l-14c]lauric acid, 1 mM NADPH, and 50 ^ig control 

microsomal protein in a total volume of 0.25 ml.    BNF at 5 |xM (final 

concentration) was added as an inhibitor, and vehicle only (DMSO) 

was added as a control.    Samples were incubated for 60 min at 30 0C, 

and then 0.1 ml of 10% sulfuric acid was added to terminate the 

reaction.    The acidified incubation mixture was extracted using 4 ml 

of diethyl ether.    The ether phase was evaporated with nitrogen, and 

the residue was dissolved in  100 jxl of 62% methanol containing 

0.2% acetic acid. 

We used a Zorbax ODS (4.6 x 250 mm) column (DuPont) for 

HPLC analysis of lauric acid (co-1) hydroxylation which is specifically 

catalyzed by CYP2K1.    The (cD-l)-hydroxy lauric acid was eluted with 

62% methanol (22).    A radioactive flow monitor (Radiomatic, Tampa, 

FL) was used to count radioactivity. 
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Results    and    Discussion 

In vitro AFBi-DNA binding was potently inhibited by BNF at 1 

to 5 jiM in a competitive manner with a Ki of 3.03 ± 0.25 |iM 

(Figure 6-1).    When vehicle only was added to the incubation 

system, the apparent Km was 104.2 (iM.   The addition of 1, 2 or 5 

(J.M BNF increased the Km value to 136.6, 170.1 and 270.6 |J.M, 

respectively.    BNF at 50 |J.M inhibited AFBi-DNA binding almost to 

the same degree as 5 |iM BNF at all concentrations of AFBi 

examined, and the inhibitory effect of BNF seemed to be saturated at 

5 [iM BNF (Figure 6-2).    This phenomenon was clearly observed in 

Figure 6-3, which showed that 5, 50 and 500 ^.M BNF exhibited 

almost exactly the same inhibitory effects at 5 and 80 (iM AFBi. 

Moreover, all the concentrations of BNF inhibited AFBi-DNA  binding 

by about 70%, which verifies saturation of inhibition at about 5 (iM 

BNF.   Table 6-1 showed that in vitro AFBi-DNA binding activity was 

totally NADPH-dependent.     In this experiment, heat treatment of 

microsomes at 80 0C for 10 min did not inactivate enzymatic activity 

completely. 

These results suggest that there is more than one trout hepatic 

CYP isozyme which activates AFBi.    Previous studies indicated that 

the main CYP isozyme activating AFBi was CYP2K1 (14), which is 

also specific for lauric acid hydroxylation at the (co-1) position.    As 

seen in Table 6-2, lauric acid (co-l) hydroxylase  activity was  totally 

inhibited by 5 yiM. BNF when 80 |iM lauric acid was used as 

substrate.    The discrepancy between the in vitro AFBi-DNA   binding 
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results and lauric acid hydroxylase, strongly suggest that CYP2K1  is 

not the only P450 isozyme which activates AFBl. 

The metabolism, biodistribution and hepatic levels of BNF 

following dietary exposure in trout have yet to be studied.    In the 

absence of these data, we cannot fully apply the results in the 

present in vitro study to understand BNF effects in vivo.   We do 

know, however (Chapter 5), that BNF exhibits a potent inhibitory 

effect against in vivo AFBi-DNA binding at dietary levels of BNF 

which fail to induce CYP1A1.    Thus, BNF inhibitory mechanisms 

other than CYP1A1 induction must exist.    Although we have yet to 

quantify BNF levels in liver after feeding 10 ppm BNF for 1 week, 

inhibition of AFBl activation by BNF in vivo seems plausible because 

of its potency as an inhibitor of AFBi-DNA binding in vitro. 

In summary, BNF is a potent inhibitor of microsome-catalyzed 

AFBi-DNA binding in vitro, but fails to completely abolish the 

activity.    These findings suggest that BNF inhibition of AFBl 

activating enzymes is an important mechanism in its inhibition of 

AFBi-DNA binding and carcinogenesis in vivo.   Additional studies of 

BNF metabolism are needed to confirm this hypothesis. 
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Figure    6-1.    Lineweaver-Burk    plot    showing    inhibition    of 
in  vitro AFBi-DNA   binding  activity   by   BNF   (1,   2   or  5 
|iM).  Microsomal protein was incubated with 5 to 80 |a.M AFBi. 
Values   represent  duplicate   determinations  ±  range. 
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Figure    6-2.    Lineweaver-Burk    plot    showing    inhibition    of 
in vitro AFBi-DNA   binding   activity   by   BNF   (0.5,   5   or   50 
(iM). Microsomal protein was incubated with 5 to 80 |a.M AFBi. 
Values   represent  duplicate   determinations   ±  range. 
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Figure  6-2. 
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Figure   6-3.     In   vitro AFBi-DNA    binding    inhibition   by   0.5, 
5, 50 or 500 |iM BNF. Microsomal   protein   (0.05   mg)   was 
incubated with A) 5 |iM or B) 80 jiM AFBl. The reaction was 
continued for 20 min. Values  represent duplicate determinations  ± 
range. 
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Figure 6-3B. 
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Table   6-1.   The   effect   of   various   treatments   on   in 
AFBi-DNA    binding   activity. 

vitro 

Treatment AFBi-DNA binding activity 
control   microsome 

+ vehicle (+NADPH) 20.70 ±  2.40 
+ vehicle (-NADPH) 0.52 ± 0.22a 
+ 50 ^M BNF (+NADPH) 5.90 ± 0.41* 
+ 50 nM BNF (-NADPH) 0.55 ± 0.06a 

heated microsome (+NADPH) 1.52 ± 0.15a 

Values  are triplicate determinations ± SD. 
unit: pmol AFBi/mg  DNA/min/mg  protein 
ap<0.01 
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Table   6-2.   Inhibition   of   lauric   acid   (co-1)    hydroxylase    by 
BNF. 

Inhibitor Laurie  acid (co-1)   hydroxylase 

+ DMSO 0.110  ±  0.005 
+ 5 \LM BNF N.D.a 

Values  are  duplicate  determinations  ±  range. 
Unit:   nmol/mg   protein/min 
aN.D.: not detectable 
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Abstract 

Two cytochrome P450 (CYP) isozymes are known to be 

involved in aflatoxin Bi  (AFBi) metabolism in rainbow trout. 

CYPlAl is believed to detoxify AFBi to aflatoxin Mi  (AFMi) 

whereas CYP2K1  activates AFB] to AFBi-8,9-epoxide.    We show 

here that a-naphthoflavone  (ANF)  and  B-naphthoflavone  (BNF)   both 

strongly inhibit ethoxyresorufin O-deethylase  (EROD)  activity,  which 

is specifically catalyzed by CYPlAl  (Ki = 9.1 ± 0.8 and 7.6 ± 1.1 nM, 

respectively).    EROD activity was also inhibited 80% by 

preincubation  of hepatic  microsomes  from BNF-treated  trout  with 

rabbit polyclonal antibody to a trout CYPlAl  peptide (residues 277- 

294) (10 mg IgG/mg microsomal protein).    In the present study, 

these CYPlAl  inhibitors were found to inhibit CYP2K1-catalyzed 

reactions as well, including in vitro AFBi-DNA binding and lauric 

acid (co-l) hydroxylation.    ANF at 0.5, 5, 50 and 500 (J.M inhibited 

liver   microsome-dependent  AFBi-DNA binding activity 22, 58, 84, 

and 91%, respectively, whereas BNF at the same concentrations 

inhibited it 22, 74, 78 and 81%, respectively.    The CYPlAl peptide 

and CYP2K1 polyclonal antibodies (10 mg IgG/mg microsomal 

protein) inhibited AFBi-DNA binding 84% and 66%, respectively, 

compared with preimmune IgG.    Lauric acid (co-1)  hydroxylation  was 

also inhibited 61% by 5 |iM ANF, 69% by 5 |iM BNF and completely 

inhibited by either antibody (12 mg  IgG/mg  microsomal protein). 

These results demonstrate that CYPlAl  inhibitors inhibit in vitro 

AFB l -DNA binding, previously believed to be catalyzed primarily by 

CYP2K1, and lauric acid (co-1) hydroxylation, known to be catalyzed 
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specifically by CYP2K1.    Since there is no evidence that trout 

CYPlAl can catalyze AFBl-DNA binding, we believe the results to 

reflect configuration similarities in or near the active sites for these 

two enzymes that result in antibody cross reaction and lack of 

inhibitor   specificity. 
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Introduction 

Aflatoxin Bi (AFBi), a secondary metabolite of Aspergillus 

flavus, is  a potent hepatocarcinogen in many experimental animal 

models (1-4).    Epidemiology also suggests that AFBi is a 

hepatocarcinogen in humans (5).    The rainbow trout model has 

proven  especially useful for studying  the complex interactions 

between  aflatoxin  structure,  aflatoxin  dose  applied,  molecular dose 

received, and final tumor outcome in the presence of varying doses 

of anticarcinogens or tumor promoters (6-8). 

AFB l  is known to be metabolized mainly by two cytochrome 

P450 (CYP) isozymes, CYP1A1 and CYP2K1, in rainbow trout. 

CYP2K1  activates AFBi to AFBi-8,9-epoxide, a strong electrophile 

which binds to DNA and initiates carcinogenicity (9).    CYP1A1 

catalyzes the 4-hydroxylation of AFBi to yield aflatoxin Ml (AFMi), 

believed to be a detoxifying pathway, as AFMi  is less mutagenic 

(10-13) and  10% as carcinogenic (Bailey et al., submitted for 

publication) in the same species.    This isozyme is inducible by BNF 

(10),   3-methylcholanthrene,   and  other  Ah-receptor  agonists   (10,14). 

Because these two CYP isozymes catalyze activation and detoxication 

of AFBi, compounds that inhibit or induce either isozyme might be 

expected to modulate AFBi-DNA binding and AFBi   carcinogenicity. 

In the present study, we evaluated the inhibitory effects of 

CYP1A1 inhibitors on CYP2K1-catalyzed reactions using in vitro 

AFBi-DNA binding and lauric acid (co-1) hydroxylase.    We found for 

the first time that some inhibitors of CYP1A1 also inhibited CYP2K1. 

It is especially important to stress that a-naphthoflavone   (ANF),   a 
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reportedly specific inhibitor of P450  1A isozymes (15), and CYPlAl 

peptide antibody  (which should specifically inhibit CYPlAl- 

catalyzed reactions) could also inhibit CYP2K1. 
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Materials    and    methods 

Materials 

[3H(G)]AFBi  was purchased from Moravek Biochemicals, Inc. 

(Brea, CA).    [l-^C]Lauric acid (26 mCi/mmol) was purchased from 

Amersham  Corporation  (Arlington Heights,  IL).     7-Ethoxyresorufin 

was purchased from Aldrich Chemical Co (Milwaukee, WI).    All other 

chemicals were purchased from Sigma Chemical Co (St. Louis, MO). 

The rabbit polyclonal antibody to trout liver CYP1A1 peptide 

(residues 277-294) was kindly provided by Dr. J.J. Lech (16). 

Preimmune rabbit IgG and rabbit polyclonal antibody to trout liver 

CYP2K1 were obtained as described by Miranda, et al. (17).   Both of 

the  antibodies  are monospecific for their corresponding  antigens  on 

western   blots. 

Animals and diets 

Mt. Shasta strain rainbow trout (Oncorhynchus   mykiss) were 

reared in our laboratory.    Trout (30-50 g body weight) were fed a 

casein-gelatin  based  semipurified diet (18),  or the  semipurified  diet 

containing 200 ppm BNF for one week.    Fish were killed 48 h after 

Abbreviation:   BNF,  6-naphthoflavone;   ANF,  a-naphthoflavone; 
AFBi, aflatoxin Bi; CYP, cytochrome P450; AFMi, aflatoxin Mi; 
EROD, ethoxyresorufin O-deethylase; DMSO, dimethylsulfoxide; IgG, 
Immunoglobulin G; SDS, sodium dodecyl sulfate. 
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the last feeding to allow complete digestion, starvation and livers 

were excised and immediately frozen in liquid nitrogen, and kept at 

-80° C until use. 

Preparation  of liver  microsomes 

Liver  microsomes  were prepared  by  a differential 

ultracentrifugation method  (19).     Protein levels  were measured  by 

the method of Lowry et al. (20), using bovine serum albumin as a 

standard. 

Ethoxyresorufin O-deethylase (EROD) assay 

The EROD assay was carried out at 25° C, the optimal 

temperature of trout CYP1A1-dependent EROD (21), by the method 

of Burke et al. (22).    In the inhibition studies, 5 jil of inhibitor (ANF 

or BNF) in dimethyl sulfoxide (DMSO) was added to the incubation 

mixture to give a final concentration of 5, 10, 20 or 50 nM.   As a 

control, vehicle only was added to the incubation system.    Liver 

microsomes  from BNF-induced trout (100 \ig protein)  were used 

and the total volume was 1 ml.    Inhibitor Ki  values  were  determined 

by non-linear regression analysis (23).    In some experiments, 25  |ig 

microsomal  protein from BNF-induced  trout liver was  preincubated 

with 50-250 jxg rabbit anti-trout CYPlAl  peptide IgG for  15 min at 

room temperature prior to EROD incubation.    As a control, 

preimmune  IgG (250 |ig) was preincubated  with  25  |i.g  microsomal 

protein  from BNF-induced  trout. 
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In vitro AFBj-DNA binding assay 

In vitro AFBi-DNA binding assay was performed by a 

modification of the method of Yoshizawa et al. (24) and Fong et al. 

(25).    The incubation mixture contained 150 Jig calf thymus DNA, 25 

or 50 jig microsomal protein from untreated trout, 0.2 mM EDTA, 30 

HM MgCl2, 0.1 M Tris-HCl, pH 8.0, 50 ^iM [3H]AFBi (1.0 

H-Ci/sample, in 5 (il DMSO) and with or without inhibitors (in 5 ^.1 

DMSO).   NADPH (1 mM in each sample) was added to initiate the 

incubation instead of an NADPH-generating system.    The reaction 

mixture was incubated for 20 min at 27° C and the reaction was 

stopped by the addition of 50 jil of 10% SDS.   DNA was successively 

extracted by  the  same  volume of Tris-saturated phenol,  chloroform 

and chloroform : isoamyl alcohol (24 : 1 in volume).   DNA was 

precipitated  by adding isopropanol and pelleted by a bench-top 

centrifuge, and then resuspended in Tris-EDTA buffer (0.1   M Tris- 

HCl, 10 mM EDTA, pH 8.0).   The radioactivity adducted to DNA was 

measured by a scintillation counter, and the amount of DNA was 

assayed by the method of Burton (26).    Extensive experience in our 

laboratory  (3,6,8) has  shown that the carryover of unbound 

aflatoxins into the DNA by this procedure is negligible, and that 

essentially all the bound aflatoxin is in the form of 8,9-dihydro-8- 

(N7-guanyl)-9-hydroxy   aflatoxin   Bi   and its ring opened derivatives. 

We performed two experiments using this assay.    In the first 

experiment, we used 50 ng of microsomes from untreated trout in 

each sample, and added the inhibitors, ANF or BNF to a final 

concentration of 0.5-500 (iM.    As a control, 5 \il vehicle (DMSO) was 

added instead of inhibitors.    In the second experiment,  1  mg rabbit 
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preimmune IgG, rabbit anti-trout liver CYP2K1  IgG or rabbit anti- 

trout CYP1A1 peptide IgG was preincubated with  100 (ig of 

microsomes  from untreated  trout at room temperature  for  15  min 

prior to the assay, and 25 }J.g microsomal protein was used in each 

sample  for   triplicate   determinations. 

Laurie  acid hydroxylation 

Laurie  acid hydroxylation by trout liver microsomes was 

assayed essentially as described by Miranda, et al. (27).    The 

incubation mixture contained 50 mM Tris-HCl buffer (pH 7.4), 200 

tiM [1-14C] lauric acid, 1 mM NADPH, and 50 |ig or 141 |ig 

microsomal protein from untreated trout, in a total volume of 0.5 ml. 

We did two experiments with this assay.    In the first experiment, 5 

[i.M ANF or BNF in DMSO (final concentration) were added as 

inhibitors and 50 |ig of microsomal protein were used.    As a control, 

Tris-HCl buffer or DMSO was added to incubation mixture instead of 

an inhibitor.    In the second experiment,  141  ng of microsomal 

protein was preincubated  with  buffer,  preimmune IgG,  rabbit anti- 

CYP2K1 or anti-CYPlAl peptide IgG for 15 min at room temperature 

at a concentration of 12 mg IgG/mg microsomal protein.    After a 60 

min incubation at 30° C, 0.1 ml of 10% sulfuric acid was added to 

terminate the reaction.    Four ml of diethyl ether was used twice to 

extract the incubation mixture.    The ether phase was evaporated 

with nitrogen, and the residue was dissolved in 100 jil of 62% 

methanol containing 0.2% acetic acid. 

HPLC analysis of lauric acid (co-1)  hydroxylation  was 

performed using a Zorbax ODS (4.6 x 250 mm) column (DuPont).    The 
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(co-l)-hydroxy-lauric acid  was eluted  with  62%  methanol  (28). 

Radioactivity was detected by a radioactive flow monitor 

(Radiomatic, Tampa, FL). 

Computer search of amino acid sequences 

Intellegenetics computer  software  was  used  to match  amino 

acid   sequence between trout CYPlAl  peptide  (277-294)  and 

CYP2K1. 
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Results 

Inhibition of ethoxyresorufin O-deethylase (EROD) 

Both ANF and BNF were potent inhibitors of CYP1A1- 

dependent EROD activity (Figure 7-1 A).    By non-linear regression 

minimal error analysis (23), the inhibition by both agents is 

concluded to be competitive.    Ki values for ANF and BNF were 9.1 ± 

0.8 nM and 7.6 ± 1.1 nM, respectively. 

The rabbit anti-CYPlAl peptide IgG also inhibited EROD 

activity, catalyzed by liver microsome from BNF-induced trout, in a 

dose-dependent manner (Figure 7-2).    Preincubation of  1   mg 

microsomal protein with 2, 4, 6 or 10 mg rabbit anti-trout CYP1A1 

peptide IgG inhibited EROD activity 5, 13, 20 or 80%, respectively. 

However, preincubation of 1 mg microsomal protein with 5 or 10 mg 

preimmune rabbit IgG did not reduce its EROD activity. 

Inhibition of in vitro AFBj-DNA  binding 

The in vitro AFBi-DNA binding assay was carried out using 50 

|j.M  AFBi.   ANF, at concentrations of 0.5, 5, 50 and 500 |iM 

inhibited in vitro AFBi-DNA binding activity 22, 58, 84 and 91%, 

respectively, compared with the vehicle (DMSO) only (Figure 7-3A). 

BNF at concentrations of 0.5, 5, 50 and 500 \LM inhibited in vitro 

AFBi-DNA binding activity 22, 74, 78 and 81%, respectively (Figure 

7-3B).    While this experiment was not designed to precisely 

establish kinetic parameters, the results suggest a Ki value for both 

inhibitors near 5  |xM for this reaction. 
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We also assessed the effect of anti-trout CYP1A1 peptide IgG 

and anti-trout CYP2K1 IgG on microsomal AFBi-DNA binding 

activity (Table 7-1).    Preincubation of the microsomes from 

untreated  trout with rabbit preimmune  IgG  (10  mg  IgG/mg 

microsomal protein) did not reduce microsomal AFBi-DNA   binding 

activity.    However, preincubation of the microsome with CYP2K1 IgG 

reduced activity by 66% compared with preimmune IgG (p < 

0.0001).     Surprisingly, the reduction of activity by preincubation 

with CYP1A1 peptide IgG was even greater, at 84%, compared with 

preimmune IgG (p < 0.0001).    Since uninduced microsomes have 

little or no detectable CYP1A1, this could not have been due to 

inhibition of any CYP1A1-mediated AFBi-DNA binding. 

Inhibition of (co-l) hydroxylation of lauric acid 

Laurie acid is hydroxylated at the (co-l) position, a reaction 

that is specifically catalyzed by trout CYP2K1 (28).    ANF, at the 

concentration of 5 |i.M, inhibited (co-l) hydroxylation of lauric acid 

61% (p = 0.017), whereas the same concentration of BNF inhibited it 

69% (p = 0.021) (Table 7-2).    Preincubation of microsomes from 

untreated trout with rabbit preimmune IgG did  not inhibit 

microsomal  co-l hydroxylation of lauric acid (Table 7-3).    However, 

preincubation of the microsomes with anti-CYPlAl  peptide IgG and 

anti-CYP2Kl  IgG essentially abolished lauric acid (co-l)  hydroxylase. 
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Computer search of matching CYPlAl peptide and CYP2K1 amino 

acid   sequence 

A computer algorithm was used to compare the sequences of 

the CYPlAl  peptide, which was used to raise antibody (277-294) 

and the entire length of CYP2K1 (Figure 7-4).    Although no regions 

of perfect identity were found, five amino acids within the CYPlAl 

immunogen were found to align within the residue 242-256 region 

ofCYP2Kl. 
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Discussion 

Inhibitors of CYP isozymes are of great interest in modulation 

of toxicity and carcinogenicity of foreign compounds.    Compounds 

that inhibit bioactivation of a carcinogen in vitro can often inhibit its 

carcinogenicity in vivo.    According to Wattenberg, such inhibitors 

are classified as blocking agents, which are defined as "compounds 

that prevent carcinogens from reaching or reacting  with  critical 

target sites" (29).    Among the blocking agents that inhibit activation 

of carcinogens, there are many compounds that can inhibit more 

than one CYP isozyme, and also some that inhibit some CYP isozymes 

and activate others.    The paradoxical properties of these inhibitors 

make it difficult to predict their behaviour against different 

carcinogens  or to invoke their use in chemoprevention. 

BNF had been thought to be a blocking agent against AFBi- 

DNA binding and AFB i-initiated carcinogenesis in rainbow trout by 

inducing CYP1A1, which converts AFBi to the less carcinogenic 

AFMi (30).    However, we have shown that BNF exhibits an 

inhibitory effect in vivo at sub-CYPlAl  inducing doses (refer to 

Chapter 5), and that it is also a potent inhibitor of in vitro EROD 

activity catalyzed by CYP1A1 (Figure 7-1).    Moreover, BNF inhibits 

in vitro AFBi-DNA binding in a competitive manner (refer to 

Chapter 6).    This phenomenon is supported by the result of the 

present study which showed that CYP2K1 -catalyzed lauric acid (co-1) 

hydroxylase was inhibited by BNF (Table 7-2).    From these 

observations, the most important activity of BNF as a blocking agent 

appears to lie in its ability to inhibit the enzymatic activation of 
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AFBi to AFBi-8,9-epoxide, its ultimate carcinogenic form.    However, 

this phenomenon might be species specific, because in rats, BNF at 

concentrations over 25 |iM did not inhibit in vitro AFBi-DNA 

binding, but enhanced it (data not shown). 

It is striking that ANF, which is known as a specific inhibitor of 

CYP 1A isozymes was also found to inhibit CYP2K1-catalyzed (co-1) 

hydroxylation of lauric acid and AFBi-DNA binding in vitro.   In 

mammals, to the best of our knowledge, no CYP isozymes are found 

to be inhibited by ANF except for CYP 1A subfamily.   ANF is not only 

a specific inhibitor of CYP 1A, but also an activator of reactions 

catalyzed by isoforms of the 3A subfamily in rabbit (31).    In 

humans, ANF activates P-450NF (CYP3A4) resulting in increased 

AFB1   mutagenicity (32).    These studies suggest that the inhibitory 

effect of ANF against in vitro AFBi-DNA binding through inhibition 

of CYPs other than CYP1A1 may be species-specific.    The effect of 

ANF on in vivo AFBi-DNA binding in rainbow trout is currently 

under   investigation. 

The other important observation in  this  study was  that anti- 

trout CYP1A1 peptide IgG, which is specific toward a CYP1A1 

peptide, also inhibited microsomal NADPH-dependent AFBi-DNA 

binding and lauric acid (co-1) hydroxylase.     These results suggested 

that there are common epitopes between CYP1A1  and CYP2K1, 

although cross reaction between these two isozymes  was not 

detectable  on   western   blotting. 

The fact that specific inhibitors against CYP1A1 or CYP 1A 

subfamily inhibited  in vitro AFBi-DNA binding raises the question 

of whether or not CYP 1A may be involved in AFBi  activation in 
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rainbow trout.    According to Chapter 6, in trout, not only CYP2K1, 

but other isozymes seem to be involved with AFBi   activation. 

However, it appears unlikely that trout CYPlAl  is involved with 

AFB i  activation.   According to the result of Chapter 5, liver 

microsomes from 100 ppm BNF-fed trout had 11-fold higher EROD 

activity compared to microsomes from untreated trout, only 42% of 

the control AFBi-DNA binding activity.    In rabbit, it is suggested 

that CYP1A2, but not CYPlAl, is involved with AFBi  activation (31). 

It has been also shown that, in humans, CYP1A2 contributes more to 

AFB l   activation than CYP3A4 at low substrate concentration (33). 

Recently, Chen et al. (34) found the existence of CYP1A2 in trout, but 

the expression of this gene and its possible involvement in AFBi 

activation in trout has not been examined.    Even if CYP1A2 is 

expressed and can activate AFBi, the fact remains that lauric acid 

(co-1) hydroxylation is inhibited by CYP 1A inhibitors. 

These  observations  suggest that there are  some common 

epitopes in CYPlAl and CYP2K1 which may be important for 

catalytic activity.    The amino acid sequence which was used to raise 

CYPlAl IgG was 277-294.    According to our computer search, there 

was a site which matches five amino acid residues in CYP2K1.    There 

is a possibility that these residues are within or adjacent its the 

active site of CYP2K1, or, at least, it is involved with enzyme activity 

of CYP2K1.    The fact that there was no cross-reaction between 

CYPlAl and CYP2K1 on western blots is consistent with the fact that 

the matching between CYPlAl peptide (277-294) and CYP2K1 is not 

strong.     An  alternative interpretation is  that the  cross-reacting 

CYP2K1  epitope is a non-contiguous sequence observable only for 
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the  native  enzyme configuration but not under the  denaturing 

conditions  used for protein resolution in western blotting. 

In summary, it was shown that some inhibitors, previously 

thought to be specific for trout CYPlAl, could also inhibit CYP2K1- 

catalyzed reactions.     The phenomenon  observed  here  is  interesting 

because both detoxifying and activating enzymes of AFBi  might 

have common sites important for their activities, and, as a result, 

they  are inhibited by the same compounds. 
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Figure   7-1.       Lineweaver-Burk   plot   showing   inhibition    of 
EROD activity by A) ANF and B) BNF.    ANF and BNF at four 
different concentrations (5,  10, 20 and 50 nM) were added to liver 
microsomes from BNF-induced trout.     Values represent the  average 
of duplicate  determination  ±  range. 
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Figure 7-1B. 
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Figure   7-2.      Inhibition   of   EROD   activity   by   rabbit   anti- 
trout  CYPlAl  peptide  IgG.     Filled circles  show  the  effect of 
rabbit anti-trout CYPlAl peptide IgG (2, 4, 6 and 10 mg IgG/mg 
protein) on EROD activity of liver microsomes from BNF-induced 
trout (0.05 mg/ml).    Open circles show the effect of preimmune 
rabbit antibody (5 and 10 mg IgG/mg protein) on EROD activity. 
Values represent the  single determination because of lack of 
CYPlAl peptide IgG.    We repeated the data points of only 0 and 
10 mg CYPlAl peptide IgG/mg protein and obtained the similar 
result. 
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Figure  7-2. 
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Figure   7-3.      Inhibition   of in   vitro   AFBi-DNA     binding 
activity by A) ANF and B) BNF.    ANF or BNF (0.5, 5, 50 and 500 
|iM)  was added to the incubation  system with  liver microsomes 
from untreated trout (0.05 mg protein).    The concentration of AFBi 
was  50 fiM.     Values represent the mean of duplicate determinations 
±   range. 
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Figure  7-4.     Computer   matching    of   a    synthetic    peptide 
sequence   used   for   the   production   of   trout   liver   CYPlAl 
IgG   and   amino   acid   sequence   of   trout   liver   CYP2K1. 
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Table   7-1.      Inhibition   of in vitro A F B i -DNA    binding    by 
anti-trout   CYPlAl   peptide   IgG   or   anti-trout   CYP2K1   IgG. 

IgG AFBi-DNA binding 

No IgG (+buffer) 352.0 ± 41.0 (+NADPH) 
37.1 ± 6.2 (-NADPH)a 

preimmune  rabbit  IgG 400.0 ±  22.0 
CYPlAl peptide IgG 64.6 ± 5.5^ 
CYP2K1 IgG 135.0 ±   ll.Oa 

Values  represent triplicate determinations ±  SD. 
unit:   AFB1  pmol/mg  DNA/mg  protein/min. 
asignificantly different from preimmune rabbit IgG  (p<0.05) 
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Table   7-2.    Inhibition   of   lauric   acid 
by 5  nM  ANF or BNF. 

(co-1)     hydroxylation 

Inhibitors Lauric acid (co-l)   hydroxylase 
no inhibitor (+buffer) 0.553 ± 0.005 (+NADPH) 

N.D.a (-NADPH) 
+DMSO 0.502  ±  0.074 
+ ANF (in DMSO) 0.194 ±  0.029b 
+ BNF (in DMSO) 0.154 ±  0.058b 

Values  are triplicate determinations ± SD. 
Unit:   nmol/mg   protein/min 
aN.D.: not detectable 
bsignificantly different from DMSO only (p<0.05) 
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Table    7-3.   Inhibition   of   lauric   acid   (co-1)     hydroxylation 
by   anti-trout   CYP2K1   IgG    or   anti-trout   CYPlAl   peptide 
IgG. 

IgG Lauric acid (co-l)  hydroxylase 
no IgG (+buffer) 0.412 ± 0.034 (+NADPH) 

N.D.a (-NADPH) 
preimmune  rabbit   IgG 0.500  ±  0.100 
CYPlAl peptide IgG NX). 
CYP2K1 IgG 0.016 ± 0.016b 

Values  are  triplicate determinations ± SD. 
Unit:   nmol/mg   protein/min 
aN.D.: not detectable 
bsignificantly different from preimmune rabbit IgG  (p<0.01) 
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CHAPTER  8 

CONCLUSION 

Although 2000 ppm 13 C induced hepatic CYP1A1  protein 

levels and the associated activity EROD activity in rainbow trout, the 

induction was weak and transient.    This phenomenon of transient 

induction might be explained by the observation that prolonged I3C 

treatment in vivo can block the ability of the Ah agonist BNF to 

maintain CYP1A1 induction.    We also found that 133', the major 

metabolite of I3C in trout liver, was a potent inhibitor of EROD.   Diet 

containing 2000 ppm I3C stably inhibited in vivo AFBi-DNA   binding 

about 50% during 7 days of I3C feeding, although EROD induction 

peaked on day 1  and then declined to near the control level. 

Therefore, CYP1A1 induction by I3C was unlikely to be the major 

inhibitory mechanism against in vivo AFBi-DNA binding.    However, 

the acid-condensation products of I3C (133', CT and RXM) potently 

inhibited  AFBi mutagenicity in a Salmonella assay, and also showed 

a slight scavenging effect toward the AFBi-8,9-epoxide.    133' also 

inhibited in vitro AFBi-DNA binding (Kis = 51 \LM, Kii = 42 ^M). 

These results suggest that inhibition of AFBi   activating enzymes is 

the most likely mechanism against AFBi-DNA binding in trout. 

BNF induced liver CYP1A1 very potently, but it also inhibited 

AFBi-DNA binding in vivo at sub-CYPlAl inducing levels.   BNF 

inhibited in vitro AFBi-DNA binding very potently (Ki = 3.03 JIM). 

Although CYP1A1 induction by BNF might contribute to its 

inhibitory  effect against AFBi, this mechanism seems to be 
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relatively minor, and  the major inhibitory mechanism appears  to be 

through inhibition of activating enzymes of AFBi. 
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