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Several  compounds have been shown to induce the mixed function 

oxidase enzyme system of animals, and also to inhibit tumor for- 

mation.    Included in this category are several  vegetables and iso- 

lated vegetable components from the Cruciferae family.    In this 

study rainbow trout were fed blanched freeze-dried cauliflower, 

broccoli, or Brussel  sprouts at the 20% supplemental  level   for two 

months, or 500 ppm benzyl  or phenethyl   isothiocyanate.    At this time 

the livers were removed and hepatic microsomal  enzymes were studied. 

This treatment did not cause any increases in the metabolism of 

p-nitroanisole.or;benzo(:a)pyrene and eytochrome P-450 levels were 

not elevated.    On the contrary, benzo(a)pyrene monooxygenase, 

7-ethoxycoumarin O-dealkylase, resorufin O-dealkylase, p-nitroanisole 



O-demethylase, and cytochrome P-450 levels were increased in trout 

treated orally and intraperitoneally with 3-napthoflavone.    For all 

parameters studied, a greater increase in activity was seen in the 

trout treated intraperitoneally.    The vegetable and isothiocyanate 

supplemented diets also did not inhibit tumor formation in trout 

challenged with 20 ppb aflatoxin B.  for one month. 

A study with rats showed that both blanched freeze-dried cauli- 

flower and air-dried cauliflower cause significant increases in 

p-nitroanisole 0-demethylase activity and benzo(a)pyrene monooxygenase 

activity and increased cytochrome P-450 levels in rat hepatic micro- 

somes when fed at the 20% supplemental  level for 25 days. 

It was concluded that the null effects seen with the trout fed 

the vegetables and isothiocyanates were not due to the heat treatment 

of the vegetables since rats fed blanched freeze-dried cauliflower 

had significant increases in enzymatic activity and increased cyto- 

chrome P-450 levels over controls. 

The results of the B-napthoflavone experiment verified the 

validity and reliability of the experimental assays and conditions 

and showed that trout hepatic microsomal enzymes can be induced by 

orally administered compounds. 
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The Characterization of the MFO System 

in Rainbow Trout Fed Cruciferous Vegetables 

REVIEW OF LITERATURE 

Mixed Function Oxidase System 

The microsomal mixed function oxidase system is a complicated 

biochemical entity that metabolizes a wide variety of xenobiotic 

compounds including chemical carcinogens. It has the capacity to 

detoxify and also to activate chemicals to the ultimate carcinogenic 

form (Wattenberg et al. 1976). Induction of the mixed function 

oxidase (MFO) system functions largely as a detoxification system 

and it has also been demonstrated that it is possible to protect 

against carcinogenic effects of chemical carcinogens by inducing 

MFO activity (Conney 1967). Although activation reactions, in add- 

ition to detoxification reactions, are carried out by the MFO sys- 

tem, there are no reported data which clearly indicate that induction 

of increased MFO activity causes an increase in carcinogenic!*ty of a 

chemical carcinogen in an in vivo experiment (Wattenberg et al. 1968, 

1970, 1977). 

Originally it was thought that normal levels of MFO activity 

existed in several organs. Then Wattenberg (1971) showed almost 

total loss of MFO activity in starved rats and rats fed a fat-free 

diet. Diet studies carried out in several species demonstrated a 

total loss of MFO activity in animals which had been starved or fed 



a purified diet, whereas, those fed crude diets had substantial 

levels of activity (Wattenberg 1974). 

Considerable inducing activity was found in the vegetable com- 

ponent of the crude diet, which consists of alfalfa meal. Because 

of the results obtained with alfalfa, work was begun on the inducing 

activity of other vegetables (Wattenberg 1971). 

Effect of Vegetables on the MFO System 

A number of common vegetables in the botanical family Cruciferae 

such as cabbage, Brussel sprouts, broccoli, and cauliflower increase 

activity in the intestinal mixed function oxidase system (Wattenberg 

1971). In this study, the effect of dietary manipulation on the 

benzo(a)pyrene monooxygenase activity of the small intestine was inves- 

tigated. There was little or possibly no benzo(a)pyrene monooxygenase 

activity in the small intestine in the absence of exogenous inducers. 

However, rats fed 75% purified diet and 25% dry vegetable powder for 

only, one week exhibited significant increases in benzo(a)pyrene 

monooxygenase activity. Brussel sprouts, cabbage, and turnip 

greens showed a pronounced effect, while other vegetables not in this 

Cruciferae family, alfalfa and spinach, exhibited less of an effect. 

Babish and Stoewsand (1975) showed that rats fed cauliflower leaves 

had induced hepatic microsomal enzymes. Relative liver weights inc- 

reased with increasing percentage of cauliflower leaves in the diet. 

Hepatic microsomal enzyme response was greater in males than females 

and males showed significant increases in N- and O-demethylation 

at both 10% and 25% cauliflower diets, and increased microsomal 

protein and P-450 concentration at the 25% supplemental level. 



Only aniline hydroxylase activity remained unchanged by the test 

diets. Pantuck et al. (1976) studied the effects of Brussel sprouts 

and cabbage on several intestinal enzyme systems. The activities 

of phenacetin O-dealkylase, 7-ethoxycoumarin O-dealkylase, benzo(a)- 

pyrene monooxygenase, and hexobarbital 3-hydroxylase all were increased 

in rats fed a diet containing either of these two vegetables. However, 

for all four substrates, Brussel sprouts was better than cabbage as 

an inducer of MFO activity in the small intestine. 

Induction of the MFO system is known to function mainly as a 

detoxification system (Conney 1967). Therefore, once it was estab- 

lished that a number of the vegetables in the Cruciferae family 

could stimulate increased MFO activity, work was begun to determine 

if these vegetables had any protective effect against the toxicities 

of some chemical contaminants. 

Feeding polybrominated biphenyls (PBB's) at 1 ppm, in a 25% 

freeze-dried cauliflower leaf diet for three weeks, did not change 

the liver PBB residues of the total liver lipids. However, both 

PBB residues and total liver lipids were significantly lower in 

rats fed cauliflower with 50 ppm PBB. In a second experiment, 

aflatoxin B, (AFB-,), a carcinogenic metabolite of the mold Asper- 

gillus flavus, was incorporated into a purified diet or a 20% 

freeze-dried cauliflower head diet. All rats fed the purified 

diet with 2 ppm AFB, died after 41 weeks. Grade I and II adenomas 

with some reticulum cell carcinomas occurred in the livers of these 

rats. Metastasis and severe hemorrhaging were also observed. The 

rats fed AFB, and cauliflower were all alive at this time, but did 

have lowered body weights and small localized grade I and II 



hepatic adenomas  (Stoewsand and Babish, 1978). 

Additional work by Boyd et al.  (1979)  investigated what effects 

cauliflower would have on a-fetoprotein (AFP)  levels, in serum of 

rats  treated with AFB,.    The results showed significant increases  in 

AFP in the AFB,  treated rats fed a cauliflower supplemented diet.    It 

was  thought that this effect was the result of increased AFB, metabolism 

due to natural  inducers present in the cauliflower. 

Much work has been done to identify the components in the vege- 

tables responsible for these inducing effects.    In the early igSO's, 

Gremlin, Saavitra, and Vitranen (1960)  reported the isolation of indole 

glucosinolate glucobrassin.    The isolation of this compound resulted from 

a search for the precursor of thiocyanate ion  (SCN~) which is formed 

when Brassica plants are crushed.    The structure and decomposition of 

glucobrassin, which can be as much as 3% of the dry matter of cabbage 

is shown in Figure I  (Vitranen 1965). 

The parent compound, indolylmethyl  gluconsinolate, along with the 

enzyme myrosinase that hydrolyzes it occur in plant cells in their 

viable state.    When cells are disrupted, the enzyme and substrate are 

brought together and hydrolysis occurs.    As is seen in Figure I, indole 

compounds are normal enzymatic products of indolylmethyl  glucosinolate 

and each appears at the expense of another; therefore, their exact 

ratio is important in the overall  induction obtained by administration 

of crude plant material. 



Figure I.    Enzymatic Breakdown of Indolylmethyl  Glucosinolate 
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Effect of Indoles on the MFO System 

Loub et al. (1975) extracted four fractions from Brussel sprouts, 

cabbage and cauliflower and tested them for their induction capabil- 

ities of benzo(a)pyrene monooxygenase activity by oral intubation in 

DMSO. The indoles were identified as indole-3-carboxaldehyde, indole- 

3-acetonitrile, indole-3-carbinol and SjS'-diindolylmethane. All the 

indoles except indole-3-carboxaldehyde induced benzo(a)pyrene monooxy- 

genase activity in the small intestine and liver. Indole-3-carbinol 

was highly potent as an inducer of benzo(a)pyrene monooxygenase act- 

ivity in the liver; S.S'-diindolymethane and indole-3-acetonitrile were 

somewhat less potent. However, all three were more effective on the 

liver than the small bowel. Since most of the inducing activity was 

found to occur in the fraction containing indoles, it was suggested 

that these compounds may contribute a considerable amount if not all 

of the inducing activity found in many of the vegetables tested. 

Similar results were obtained when indole-3-carbinol, indole-3- 

acetonitrile and 3,3'-diindolylmethane were added to a semisynthetic 

rat diet (Pantuck et al. 1976). Indole-3-carbinol pretreated rats 

metabolized phenacetin, 7-ethoxycoumarin, hexobarbitol, and benzo(a)- 

pyrene in vitro at a significantly faster rate than control rats. Pre- 

treatment with indole-3-acetonitrile significnatly increased metabolism 

of all the above substrates except hexobarbitol; rats pretreated with 

S^'-diindolylmethane increased the in  vitro intestional metabolism 

of 7-ethoxycoumarin, hexobarbitol, and benzo(a)pyrene but not phen- 

acetin. 

Work by Babish and Stoewsand (1978) was in partial disagreement 

with the work of Loub et al. (1975) and Pantuck et al. (1976). Babish 
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and Stoewsand incorporated 50, 500, 5000, and 7500 ppm indole-3-car- 

binol into a semi synthetic rat diet for 3 weeks, and found that increased 

relative liver weights with enhanced activities of hepatic amino- 

pyrine-N-demethylase, 0-demethylase, and benzo(a)pyrene monooxygenase 

accompanied by higher P-450 levels were present only in the rats fed 

the two highest levels of the indoles. Because only extremely high 

dietary levels of indole-3-carbinol caused induction of the MF0 sys- 

tem, it appeared that this is not the only compound responsible for 

increased activity. Babish and Stoewsand fed the vegetable diet for 

three weeks, whereas, Loub et al. administered indoles twice daily for 

3 days and Pantuck et al. measured enzyme induction only 18 hours after 

the final dose. 

In addition to inducing the MF0 system, naturally occurring indoles 

have been found to inhibit polycyclic aromatic hydrocarbon induced 

neoplasia, A single administration of indole-3-carbinol, 3,3'-diindolyl- 

methane, or indole-3-acetaldehyde by oral intubation produced a signifi- 

cant inhibitory effect on the occurrence of DMBA-induced mammary tumors 

in mice. In contrast, indole-3-acetonitrile did not suppress neoplasia. 

In an experiment in which indoles were added to the diet, indole-3-car- 

binol again inhibited the neoplastic response, whereas, indole-3-aceto- 

nitrile did not. Although indole-3-acetonitrile did not inhibit DMBA- 

induced mammary tumor formation, it did inhibit benzo(a)pyrene induced 

neoplasms of the forestomach, along with indole-3-carbinol and 3,3'- 

diindolylmethane (Wattenberg and Loub, 1978). 

Effect of Thiocyanates on the MFO System 

Thiocyanates are also released by the action of myrosinase (Vitranen 
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1965) from vegetables in the Cruciferae family. Both isothiocyanates 

and thiocyanates are formed immediately after myrosinase splits glucose 

from glucosides. However, lower temperatures, 0-5oC, favor thiocyanate 

formation, while temperatures in the range 37-450C favor isothio- 

cyanate formation. Little work has been done on the effects of these 

compounds on the induction of the MFO system. On the contrary, Watten- 

berg (1977) has studied the effects of these compounds as inhibitors 

of the carconigenie effects of polycyclic hydrocarbons. 

Wattenberg (1974) showed that benzyl thiocyanate added to the 

diet decreased mammary tumor formation in rats given DMBA by oral 

intubation. In addition, benzyl thiocyanate inhibited DMBA-induced 

adrenal necrosis. Additional work by Wattenberg (1977) exhibited 

that oral administration of benzyl isothiocyanate, benzyl thiocyanate, 

phenethyl isothiocyanate, and phenyl isothiocyanate all inhibit 

DMBA mammary tumor formation if given 4 hours prior to DMBA adminis- 

tration. Tumors that were present appeared later in the groups show- 

ing inhibition and benzyl isothiocyanate was more potent than benzyl 

thiocyanate or phenethyl isothiocyanate. Further experiments in 

which benzyl isothiocyanate was administrated at different times showed 

that the compound inhibited when given 2 or 4 hours prior to DMBA, but 

that mammary tumor inhibition was severely reduced if the compound was 

given 24 hours prior to or 4 hours after DMBA administration. 

Studies of the effects of these compounds on the inhibition of 

neoplasia of the forestomach showed that again benzyl isothiocyanate 

inhibited benzo(a)pyrene induced neoplasia of the mouse forestomach: 

benzyl thiocyanate did not exert these effects. Also, the number of 

pulmonary adenomas per animal was significantly reduced by both benzyl 



isothiocyanate and phenethyl isothiocyanate, an indication that both 

these compounds have an inhibitory effect (Wattenberg 1974). 

Effect of Flavones on the MFO System 

The flavones are a large group of cyclic compounds which occur 

in a wide variety of plants (Harborne 1967). Very little information 

is available on the relationship between the structure of these 

compounds and their ability to act as inducers of increased activity 

of one or several of the microsomal enzymes. However, both synthetic 

and natural flavones have inducing capacity and protective effects 

against chemical contaminants. 

Three flavones, 3-napthoflavone, quercetin pentamethyl ether, 

and rutin all cause induction of benzo(a)pyrene monooxygenase acitvity 

of the small intestine when added to a mouse diet.  6-napthoflavone 

causes increased benzo(a)pyrene monooxygenase activity in the liver 

and lung tissue, while rutin has no effect on these tissues and 

quercetin pentamethyl ether significantly induces activity in the 

lung. In addition to enzyme induction, &-napthoflavone added to the 

diet almost totally inhibited pulmonary adenoma formation in the 

lung. Quercetin pentamethyl ether caused about 50% reduction and 

rutin did not significantly alter the number of tumors per animal 

(Wattenberg and Leong, 1970). 

Wattenberg and Leong (1968) found that in addition to flavones, 

flavanone and chalcones are inducers of benzo(a)pyrene monooxygenase 

activity; flavone was the most potent inducer. Addition of the bromo 

moiety at the 4' position of flavone more than doubled its inducing 

capacity in both the liver and pulmonary tissue in the rat, and 
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A'-bromo flavanone had much more inducing activity than the unsub- 

stituted form. Tangeretin and nobiletin, two naturally occurring 

methoxylated flavones were found to have inducing activity similar 

to that of unsubstituted flavone, in both the liver and lung in the 

rat. 

Flavones also have been found to protect cultured rat liver 

epithelial-like cells against the AFB,-induced cytotoxicity and to 

inhibit the binding of H AFB, to cellular DNA (Schwartz and Rate, 

1979). AFB-.-induced cytotoxicity was significantly reduced by four 

naturally occurring flavones; quercetin, fisetin, nobiletin, and 

tangeritin. The methoxy-substituted flavones, tangeretin and nob- 

iletin, showed greater protection than the two hydroxylated flavones, 

fisetin and quercetin. Likewise, both tangeretin and quercetin inhibited 
3 

the amount of H AFB, bound to DNA over a 9 hour incubation period. 

Aflatoxin Metabolism and Toxicity 

Aflatoxin, produced by the mold Aspergillus flavus, is one of 

the most potent liver carcinogens known and rainbow trout, Sal mo 

gairdneri, are more sensitive to aflatoxin carcinogenicity than any 

other animal or species of fish (Sinnhuber et al. 1977). Wogan et al. 

(1967) showed that hepatacellular carcinomas occurred at about 90% 

incidence when fed to male fischer rats for 35-41 weeks at dietary 

levels of 1 ppm. It was demonstrated that administration of larger 

total amounts of AFB,, over short periods of time proved to be less 

effective in tumor induction. Work by Ashley et al. (1964) and Sinn- 

huber et al. (1968) demonstrated that crystalline AFB,, present at a 

concentration of only a few ppb, produced a high incidence of hepata- 
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carcinoma in rainbow trout. Lee et al. (1968) also used rainbow 

trout as an experimental model, and found that at dietary levels 

as low as 0.4-0.5 ppb AFB,, a significant incidence of liver cancer 

occurred. 

AFB, can be metabolized by drug-metabolizing enzyme systems. 

Many AFB, metabolites have been identified and their toxicological 

properties examined. The difference in susceptibility of AFB, 

carcinogenesis among species may be related to variation in meta- 

bolism (Patterson 1973). Aflatoxin M, (AFM,) was the first metabolite 

identified (Allcroft and Carnaghan, 1963). AFM, is formed by trout 

in relatively minor amounts and is one-third as potent a carcinogen 

as AFB, (Sinnhuber et al. 1974). However, Purchase (1967) found that 

the acute oral LD 50 dose was similar to AFB,. The hemiacetal of AFB,, 

AFB2 , was shown to be non-toxic (Abedi and Scott, 1969, Wogan 1973). 

Aflatoxicol (AFL), another AFB, metabolite, is much less toxic than 

AFB,. Detroy and Hesse!time (1968) reported the toxicity of AFL to 

be 1/18 that of AFB1, and Garner et al. (1972) indicated its pot- 

ency to be less than 1/15 that of AFB,. In trout, AFL is the most 

abundant and most potent metabolite of AFB, produced in vitro 

(Schoenhard et al. 1976). Loveland et al. (1977) showed that AFL is 

converted back to AFB, by the liver post mitochondria! fraction. 

Schoenhard (1974) demonstrated that AFL is one/half as carcinogenic 

in rainbow trout as AFB,. Aflatoxin Q, (AFQ,) possess a hydroxyl 

group on the carbon atom B to the carbonyl of the cyclopentane ring 

(Buchi et al. 1974, Marsi et al. 1974). It is the major in vitro 

microsomal metabolite produced from AFB, by human and monkey liver 

(Marsi et al. 1974). Hsieh et al. (1974) reported that AFQ, was 
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approximately 18 times less toxic than AFB, when administrated by the 

air cell route in the chicken embryo test. No liver carcinomas occurred 

in rainbow trout fed 20 ppb AFQ, for 4, 8, or 12 months (Hendricks 

et al. 1980). AFQ-j exposure to fertilized eggs also resulted in a neg- 

ative carcinogenic response. However, at 100 ppb, AFQ, produced a 

10.6% incidence of liver carcinomas after 12 months of exposure sug- 

gesting that AFQ, is 100 times less active than AFB,. Wogan et al. 

(1967) first showed O-demethylation of AFB, and Delezios et al. (1971) 

gave it the name AFP,. Conjugates of AFP, represent approximately 

95% of the available AFP, (Dalezios and Wogan, 1972). AFP1 is not 

toxic in the chick embryo test system (Stoloff et al. 1972). Buchi 

et al. (1973) reported that AFP, caused death in only 2/27 newborn 

mice dosed over a range 10 to 20 times higher than the LD 50 for AFB,. 

These results suggest that 0-demethylation of AFB, represents a detox- 

ification rather than an activation reaction. 

Mi.crosomal enzyme inducers and inhibitors have been shown to 

modify several aflatoxin lesions which is an indication that AFB, 

contributes greater toxicity than its metabolites (Campbell and 

Hayes, 1976). McLean and McLean (1966) observed decreased acute 

toxicity after microsomal enzyme induction. Phenobarbital stimulated 

aniline metabolism im both the rat and duck, however only rat micro- 

somal AFB, metabolism was increased with the drug. The rate of total 

aflatoxin metabolism was increased about 10 times in isolated rat 

microsomes as a result of this treatment (Patterson and Roberts, 

1971), In rainbow trout, the presence of 100 ppm polychlorinated 

biphenyl (PCB), Arochlor 1254, in the diet reduced the incidence of 

liver tumors produced by 6 ppb AFB, (Hendricks et al. 1977). 
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Studies on Enzyme Induction in Fish 

Most of the work on enzyme induction has been directed toward 

the induction of the MFO system in mammals. However, it is well 

documented that fish possess drug metabolism mechanisms which are 

similar to those of mammals (Elcombe and Lech, 1978). For!in and 

Lidman (1977) showed an increase in cytochrome P-450 content and 

O-demethylation of p-nitroanisole after a single injection dose of 

Clophen A50 or hexachlorobiphenyl in rainbow trout. Other compounds 

found to induce enzyme activity in fish include: B-napthoflavone, 

3-methylcholanthrene, and 2,3, benzathracene. These all caused dra- 

matic increases in benzo(a)pyrene monooxygenase activity (Statham 

et al. 1978). Cytochrome P-450 levels in rainbow trout were elevated 

by injection with Arochlor 1254, pyrene, chrysene, and benzo(a)pyrene 

(Gerhart and Carlson, 1978). In this same experiment Arochlor 1254 

and benzo(a)pyrene induced benzo(a)pyrene monooxygenase activity and 

aniline hydroxylase activity, while chrysene induced only aniline 

hydroxylase activity. Aflatoxin a potent carcinogen, has proved 

to be an inducer of MFO activity in rainbow trout (Schoenhard 1974). 

Phenobarbital is one compound which induces P-450 activity in mammal"s 

and fails to do so in fish (Bend et al. 1973). 

Although a considerable amount of work has been done on induc- 

tion of the MFO system and the capabilities of several compounds, 

including several vegetables and vegetable components, to inhibit 

chemical carcinogenesis, at this time the mechanism of action is not 

understood. The identification of dietary constituents and more infor- 

mation relating structures which inhibit carcinogenesis and the precise 
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mechanism of action may ultimately be of help in understanding 

the factors that determine the response to several cancer pro- 

ducing agents. 
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RESEARCH  PAPER 

INTRODUCTION 

The tissue enzymes known as  the mixed-function oxidases  (MFO) 

have the capacity to metabolize drugs and other compounds including 

chemical  contaminants.    Induction of the MFO system is important because 

it functions as a detoxification system and has been shown to protect 

against carcinogenic effects of chemical  carcinogens  (Conney 1967). 

Originally it was thought that MFO enzymatic activity was present 

at normal  baseline levels.    However, starved rats and mice showed 

weak or no benzo(a)pyrene monooxygenase activity (Wattenberg 1971). 

It was suggested that some fraction of the commercial  diets was 

responsible for these inducing effects.    The vegetable component of 

the diet, alfalfa meal, had considerable inducing activity.    These 

results stimulated interest, on the inducing activity of other common 

vegetables. 

Several  vegetables in the botanical  family Cruciferae have 

been shown to increase MFO activity.    Brussel  sprouts, cabbage, 

and turnip greens^ all members of the Cruciferae family, caused 

an  increase in small  intestine benzo(a)pyrene activity when incor- 

porated into a purified rat diet for only one week (Wattenberg 1971). 

Babish and Stoewsand (1975)  found that rats fed cauliflower leaves had 

induced hepatic microsomal enzymes.    Brussel  sprouts and cabbage increased 

the activity of intestinal  phenacetin O-dealkylase,  7-ethoxycoumarin 

O-dealkylase, benzo(a)pyrene monooxygenase, and hexobarbital  3-hydroxylase 

(Pantuck et al.  1976).    Rats fed a 20% freeze-dried cauliflower diet 
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with aflatoxin B-,  (AFB,), a carcinogenic metabolite of the mold 

Aspergillus flavus, had smaller and fewer hepatic adenomas and were 

still  alive at the end of the experiment, whereas, all of those rats 

fed control diets with only AFB, died after 41 weeks and had large 

grade I and II adenomas (Stoewsand and Babish, 1978).    Cauliflower 

also caused a significant increase in a-fetoprotein, in rats treated 

with AFB, Which was thought to be the result of increased AFB, meta- 

bolism due to natural inducers present in the cauliflower (Boyd et al. 

1979). 

Naturally occurring indoles and isothiocyanates are present in 

cruciferous vegetables (Vitranen 1965).    A number of these indoles 

have been isolated and have an inducing effect on MFO activity (Loub 

et al.   1975, Pantuck et al. 1976, Babish and Stoewsand, 1978).    Natu- 

rally occurring indoles also inhibit DMBA-induced mammary tumors and 

benzo(a)pyrene induced neoplasms of the forestomach (Wattenberg and 

Loub.  1978).    No information is available on the effects of isothio- 

cyanates on enzyme induction.    However, Wattenberg (1974,  1977), 

showed that benzyl thiocyanate, benzyl isothiocyanate, phenethyl 

isothiocyanate, and phenyl  isothiocyanate all  inhibit DMBA-induced 

mammary tumor formation, and benzyl isothiocyanate also inhibits 

benzo(a)pyrene induced neoplasia of the forestomach. 

Flavones are a group of compounds which also occur naturally 

in plants (Harborne 1967).    Several  flavones, both natural  and 

synthetic, when administered to rats cause induction of MFO enzymes 

(Wattenberg and Leong.  1968).    B-napthoflavone, one of the most 

potent inducers, was found to increase benzo(a)pyrene monooxygenase 

activity in pretreated fish (Statham et al.  1978), and also to inhibit 
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tumor formation when added to the diet of animals (Wattenberg and 

Leong, 1970).    Schwartz and Rate (1979) showed that flavones protect 

epithelial-1ike cells against AFB,-induced cytotoxicity and inhibit 

the binding of   H AFB,  to cellular DNA. 

The purpose of this study  is twofold.   Firstly it is to determine 

if blanched freeze-dried vegetables, Brussel  sprouts, broccoli, and 

cauliflower, and purified isothiocyanates,  benzyl  and phenethyl, 

cause an induction of liver MFO enzyme activity, when added to the 

diet of rainbow trout at the 20% supplemental  level, and 500 ppm 

respectively.    Secondly, this study was undertaken to determine if 

these vegetables and isothiocyanates can reduce the hepatic carcinogen- 

icity of AFB, which is one of the most potent liver carcinogens.    Add- 

itional experiments were conducted to determine if optimal experimental 

conditions were being used and if the assays were performing and 

reliable.    The effect of cauliflower preparation on hepatic microsomal 

enzyme induction in the rat was also determined. 

MATERIALS AND METHODS 

Animals and Diets.    Fish.    The composition of the semi purified trout 

diets is given in Table I.    The diets were prepared and handled as 

described in Sinnhuber et al.   (1977). 

Cultured rainbow trout, Sal mo gairdneri,  from the Food Toxicology 

and Nutrition Lab at Oregon State University were fed the semipurified 

control  diet for 6 months.    At this time they were placed on one of the 

experimental  diets  (Table I).    The water tmeperature was  12-13 C with 

a water flow of 3 gallons per minute.    The lighting was set to provide 

12 hours of light daily from 6 am to 6 pm.    The fish were fed the 
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vegetable or isothiocyanate supplemented diet for 2 months and then 

sacrificed after a 24 hour fast. Upon termination the average fish 

weight was 25 g, and the livers from 15-25 fish per group were pooled 

to obtain enough material to work with and also to reduce biological 

variation. 

The e-napthoflavone treated fish had an average weight of 81 g 

and received 100 mg 0-napthoflavone in corn oil/kg body weight either 

orally in gelatin capsules or by intraperitoneal injection. The group 

receiving gelatin capsules were placed in a tricaine methanesulfonate 

solution for a few minutes prior to administration. Control animals 

received corn oil alone. The fish were killed after a 4 day fast. 

In the tumor incidence study, 2 month old fingerling rainbow 

trout (1.5 g) were fed one of the following diets for 2 months: 

control, 10% cauliflower, 20% cauliflower, 10% Brussel sprouts, 20% 

Brussel sprouts, 10% broccoli, 20% broccoli, 50 ppm benzyl isothio- 

cyanate, 500 ppm benzyl isothiocyanate, 50 ppm phenethyl isothiocyanate, 

of 500 ppm phenethyl isothiocyanate. Twenty ppb AFB,.was added to the 

lipid portion of each test diet and fed for one month. The trout were 

switched back to the test diets without AFB, for an additional month, 

and then all trout received the control diet for 8 months. At this 

time the livers from 7-20 fish per treatment were removed and examined 

macroscopically by a pathologist. 

Rats. Individually caged weanling male Fischer 344 rats, from Charles 

River Breeding Laboratories, Wilmington, Massachussettes, with initial 

body weights of 62 g were fed one of the experimental diets in Table II 

for 20-25 days and fasted 8 hours prior to decapitation. The lighting 

was controlled to provide 14 hours of light daily and the temperature was 



zo 

maintained at 21-22 C.    The livers from 3-4 rats per group were pooled. 

Vegetables and Chemicals.    The vegetables used in the fish diets were 

food grade and obtained in the frozen state.    They were blanched, 

freeze-dried, and ground to pass a 40 mesh sieve prior to diet prepar- 

ation.    The phenethyl  and benzyl  isothiocyanate were purchased from 

Eastman Kodak Company, purified by distillation, and added to the 

lipid portion of the diet.    The B-napthoflavone was obtained from 

Aldrich Chemical Company.    In the rat study, two methods of cauli- 

flower preparation were compared for their effects on MFO enzyme in- 

duction.    Blanched freeze-dried cauliflower was incorporated into one 

diet while the second diet contained air-dried cauliflower.    The air- 

dried cauliflower was washed, leaves removed, and held overnight before 

the heads were shredded with a Hobart mixer and dried at 32 C for 50 

hours.    It was estimated that this cauliflower was about 4-5% moisture. 

To account for this moisture, the freeze-dried cauliflower comprised 

19% of the diet by weight compared to 20% for the air-dried cauliflower. 

All diets were made isocaloric and isonitrogenous. 

Preparation of Microsomes.    The rats were killed by decapitation and 

the fish were killed by a blow on the head and weighed.    The microsome 

preparation was the same for both animal species.    Livers were pooled 

to reduce biological variation.    The liver was immediately removed 

and perfused with an ice-cold 0.9% NaCl solution, weighed and homo- 

genized in 4 volumes of 0.01M KPO, buffer pH 7.2 containing 0.15M 

KC1, using a Potter-Elvehjem teflon glass homogenizer fitted to a 

mechanical drill.    The homogenate was spun at 2,000 x g for 30 minutes. 

Centrifugation of the post mitochondria!  fraction at 105,000 x g for 

60 minutes in a Sorvall OTD-65 Ultra Centrifuge produced a pellet that 
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was rinsed in 0.05M KPO, buffer pH 7.6, and resuspended in this same 

buffer to give a microsomal  protein concentration between 2-4 mg/ml. 

This fraction was used for all microsomal enzyme assays.    All solu- 

tions used in microsomal  preparation were maintained at 0-4oC. 

Measurement of O-demethylase Activity.    The O-demethylase activity 

was determined as the p-demethylation of p-nitroanisole to p-nitro- 

phenol.    The incubation mixture contained 125 umoles phosphate buffer, 

pH 7.4, 20 umoles MgCl2, 0.4 umoles NADP+, 4 umoles g-g-p, 1 unit 

g-6-p dehydrogenase, 1 mg microsomal protein, and 2 umoles p-nitro- 

anisole in a total  volume of 2.25 mis.    The reaction was initiated 

with 5 ul  of 0.04M p-nitroanisole in DMSO.    The samples were incub- 

ated in a shaker bath at 26 C (370C for rat microsomes)  for one hour. 

The reaction was stopped with 1.2 mis cold 10% TCA solution and the 

amount of p-nitrophenol formed was determined according to Konat and 

Clausen  (1971), with a Beckman ACTA GUI Spectrophotometer.    Zero- 

time incubations, produced by the addition of 1.2 mis of ice-cold 

10% TCA prior to incubation, was substracted from the usual reaction 

mixture to correct for any background interference. 

Measurement of Benzo(a)pyrene Monooxygenase Activity.    A 1.0 ml 

incubation mixture contained between 0.4-0.6 mg microsomal  protein, 

1 umole NADP  , 6 umoles isocitrate, 0.35 units isocitrate dehy- 

drogenase, 5 umoles MgCU* 5 umoles MnC^j 50 umoles Tris-HCl  buffer 

pH 7.5, and 80 nmoles    H-benzo(a)pyrene.    The specific activity of 

the benzo(a)pyrene used was 10 uCi/pmole.    The reaction was initiated 

with 25 ul  of the substrate solution and incubated for 15 minutes at 

26 C (37 C for rat microsomes)  in a shaker water bath in the presence 

of air.    The reaction was stopped with 1 ml of 0.5N NaOH in 80% ET0H 
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and put on ice.    The zero-time incubations were stopped and put on 

ice prior to the addition of substrate.    The method of DePierre et al. 

(1975) was used to assay for oxidized benzo(a)pyrene metabolites with 

a Beckman LS 7500 Liquid Scintillation System. 

Measurement of 7-ethoxycoumarin 0-dealkylase Activity.    The reaction 

mixture contained 100 umoles Tris-HCl  buffer pH 7.6, 0.1 umoles NADPH, 

and 1.5-2.0 mg microsomal  protein in a total  volume of 2.52 mis.    The 

mixture was preincubated for 5 minutes at 26 C (37 C for rat microsomes) 

prior to the addition of 0.5 umoles 7-ethoxycoumarin.    The flourimeter 

was calibrated with 5 pmoles umbelliferone and the incubation mixture 

was analyzed for 7-hydroxycoumarin content for 2 minutes by the method 

of Ullrich and Weber (1972)  using a Aminco 125 Spectrofluorimeter. 

Measurement of Ethoxyresorufin 0-dealkylase Activity.    The method of 

Burke and Mayer (1974) was followed to assay hepatic microsomal ethoxy- 

resorufin 0-dealkylation.    A 2.43 ml  incubation mixture contained 240 

umoles phosphate buffer pH 7.8, 0.5-1.0 mg microsomal  protein, 0.5 

umoles NADPH and 1.0 nmole ethoxyresorufin.    The reaction mixture was 

preincubated at 26 C for fish microsomes and 37 C for rat microsomes 

for 5 minutes prior to the addition of 20 ul of 50 uM ethoxyresorufin in 

methanol.    A Aminco 125 Spectrofluorimeter, calibrated to 80% trans- 

mission with 1.55 nmoles resorufin, was used to follow the increase 

in fluorescence for 2 minutes. 

Measurement of P-450 Content.    Microsomes resuspended in 0.05M 

KP04 buffer pH 7.6 were diluted with 0.05M KP04 buffer pH 7.6 which 
_3 

contained 10    M EDTA.    The concentrations of cytochrome P-450 were 

determined according to the modified method of Omura and Sato (1964). 

A few milligrams of sodium dithionate were added to both cuvettes and 
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only the sample cuvette was gassed with CO for 40 seconds.    Absorp- 

tion spectra were recorded on a Beckman ACTA CIII Spectrophotometer 

and the molar extinction coefficient of 91nM    cm     was used for the 

calculations. 

Protein Determination.    Protein concentration was determined by the 

method of Lowry et al.   (1951) and bovine serum albumin was used as 

the standard. 

Chemicals.    NADP  , NADPH, g-G-p.-isocitrate acid, g-6-p dehydrogenase, 

isocitrate dehydrogenase, p-nitrophenol, bovine serum albumin, 7- 

hydroxycoumarin, and 7-ethoxycoumarin were obtained from Sigma Chemical 

Company.    Dr.  Norman Pawlowski  purified and recrystallized 7-hydroxy- 

coumarin, 7-ethoxycoumarin, and p-nitroanisole.    The resorufin was 

obtained from Matheson Coleman and Bell, p-nitroanisole from K&K Lab- 

oratories, and   H-benzo(a)pyrene from Amersham.    All  other chemicals 

were reagent grade. 

Statistics.    The independent Chi Square test was used to determine 

statistical  significance in the tumor incidence study.    All  other data 

was statistically analyzed by Student's T test.    Probability values of 

0.05 or less were considered significant. 

RESULTS 

Trout hepatic microsomal  parameters.    Table III shows the null effect 

of dietary cruciferous vegetables and phenethyl  and benzyl  isothio- 

cyanate on p-nitroanisole 0-demethylase activity, benzo(a)pyrene mono- 

oxygenase activity, and cytochrome P-450 content.    None of the vege- 

table supplemented fish diets had significant inducing effect on the 

systems studied.    The trout receiving 500 ppm benzyl  isothiocyanate 
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exhibited a significant decrease in hepatic microsomal O-demethylase 

activity, however, all other systems were unaffected by both phenethyl 

and benzyl  isothiocyanate. 

Because of these results an experiment was performed to:  confirm 

the reliability and conditions of the assays, determine if the enzymes 

and cytochrome P-450 present at baseline levels are inducible by orally 

administered compounds, and to evaluate the effect of route of admin- 

istration on enzyme induction.    B-napthoflavone, a well  documented 

enzyme inducer, (Statham et al.  1978, Wattenberg et al.  1968, 1970) 

was administered either intraperitoneally or orally.    Figure II shows 

these results.    The fish treated with 100 mg B-napthoflavone/kg body 

weight exhibited increases in p-nitroanisole O-demethylase activity, 

ehtoxyresorufin 0-dealkylase activity, 7-ethoxycoumarin 0-dealkylase 

activity, benzo(a)pyrene monooxygenase activity, and cytochrome P-450 

content.    Intraperitoneal  administration caused more induction in 

activity than oral  administration, however, the latter still caused 

significant increases in all  the parameters studied compared to controls. 

These results show that hepatic microsomal enzymes can be induced by 

orally administered compounds and that the assays and conditions are 

working. 

Rat parameters.    Once it was established that trout enzymes can be 

induced by oral  administration, further work was done to determine why 

the vegetables did not cause increases in trout MFO activity.    It was 

thought the blanching of the vegetables may have destroyed the enzymes 

responsible for the release of the active compounds naturally pre- 

sent in the vegetables.    Therefore,  the rat was used as an exper- 

imental model  to determine what effects heat treatment may have on the 
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vegetables, cauliflower in particular.    The same blanched freeze-dried 

cauliflower used in the trout experiment was incorporated into the rat 

diet.    Dietary intake,  food efficiency,  and liver somatic index are 

given in Table V.    There were no significant differences in liver 

somatic index or food efficiency, however, the rats fed the 20% blanched 

freeze-dried cauliflower supplemented diet consumed significantly less 

food than those on the control diet or 20% air-dried cauliflower sup- 

plemented diet. 

Table VI shows the effects of dietary blanched freeze-dried and 

air-dried cauliflower on rat microsomal hepatic enzyme activity.    Both 

cauliflower supplemented diets caused significant increases in p-nitro- 

anisole 0-demethylase activity, benzo(a)pyrene monooxygenase activity, 

and increased levels of cytochrome P-450.    However, the rats receiving 

the blanched freeze-dried cauliflower diet showed significantly less 

induction than the air-dried cauliflower supplemented diet.    These 

results indicate that heat treatment of the vegetables does not destroy 

all of their inducing capabilities. 

Tumor incidence.    The data in Table IV show that the vegetables and 

isothiocyanates have no significant effect on inhibiting AFB,  induced 

tumor formation.    The fish fed the Brussel sprout supplemented diet 

had lower tumor incidence, however, there is no obvious trend. Feeding 

10% broccoli  significantly reduced AFB,  induced tumor formation, how- 

ever, this is probably due to statistical random chance since the fish 

fed 20% broccoli did not have reduced tumor incidence. 

DISCUSSION 

Several naturally occurring substances have been shown to induce 
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MFO activity in the rat and mouse.    These include crude vegetables 

(Wattenberg 1971, Stoewsand and Babish 1975, 1978, and Pantuck et al. 

1976), indoles isolated from vegetables in the Cruciferae family,  (Loub 

et al.   1975,  Pantuck et al.  1976, Babish and Stoewsand 1968)  and natur- 

ally occurring flavones (Wattenberg et al.   1968).    The drug metabolizing 

enzyme systems in fish have also been studied, but not as extensively 

as mammals.    The p-nitroanisole O-demethylase activity and cytochrome 

P-450 content of rainbow trout was significantly increased in PCB and 

HCB treated fish over controls  (Lidman et al.   1976,  Forlin and Lidman 

1977).    El combe and Lech (1978) showed that with pretreatment of PBB's, 

rainbow trout were able to induce certain monooxygenase reactions. 

Polycyclic aromatic hydrocarbons (PAH)  have also been shown to induce 

enzyme activity in rainbow trout (Gerhart and Carlson,  1978).    B-naptho- 

flavone, 3,methylcholanthrene, and 2,3,benzathrancene all  caused 

dramatic increases in benzo(a)pyrene monooxygenase activity in fish 

(Statham et al.   1978).    Although these compounds all  cause increases 

in MFO activity in fish, no naturally occurring vegetables or vegetable 

components have been shown to induce fish hepatic microsomal MFO enzymes. 

As seen in Table III, these vegetables and pure isothiocyanates 

did not cause enzyme induction.    Originally, it was thought the heat 

treatment of the vegetables incurred with blanching may have destroyed 

the enzymatic degradation of glucosinolates present in the Cruciferae 

family (Figure I).    If the myrosinase enzyme were inactivated by heat, 

the indoles and isothiocyanates, the compounds partly responsible for 

the inducing effects, would not be released.    SCN~ is released in 

boiling water, but is only 50% of that formed enzymatically (Vitranen 
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1965).    As shown in Table VI the air-dried cauliflower supplemented 

diet did cause greater induction of MFO activity in rat microsomes 

than the heated freeze-dried cauliflower supplemented diet.    Part of 

this difference may have been due to the difference in consumption 

of the two diets.    The fact that the blanched freeze-dried cauliflower 

diet caused significant increases in MFO activity in the rat, suggests 

that the null  effects seen with the trout were not due to heat treat- 

ment of the vegetables.    In addition, the purified isothiocyanates 

did not have any effect on MFO enzyme induction.    This may have been due 

to too low a dose, however, after an intraperitoneal  injection of 

phenethyl  isothiocyanate there was no difference between treated and 

control  fish,    In addition, after being fed the 20% cauliflower supple- 

mented diet for 5 months,  the trout still did not exhibit increased 

MFO activity over controls.    The fish and rat metabolize several  sub- 

strates differently and different cellular concentrations of the same 

microsomal enzymes may exist between species.    The trout may also be 

lacking the inducer-receptor complex necessary for the induction 

process, also the gut microflora may have contributed to the null 

effects seen with the trout.    There is also a possibility that that 

these compounds and crude vegetables simply do not have any effect on 

the MFO system of rainbow trout. 

The effect of B-napthoflavone administration on MFO activity is 

similar for the rat and trout.    The results we obtained with the 

rainbow trout are in close agreement with those of Statham et al. 

(1978).    The fact that intraperitoneal  administration caused greater 

differences, for each parameter studied, than oral  administration, 

may be due to the effects of digestive enzymes and the length of time 
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to reach the active sight.    This experiment also verified the validity 

of the assays and the experimental  conditions. 

In this study, it was postulated that the vegetables and isothio- 

cyanates would cause an induction of MFO activity in the trout and this 

response would have some protective effect against the known carcino- 

genicity of AFB,.    Microsomal enzyme inducers have been shown to modify 

AFB,  lesions, indicating that AFB, contributes greater toxicity than 

its metabolites (Campbell"and Hayes 1976). . For example, the induction 

of the O-demethylase enzyme may cause an increase in AFB,  demethylation 

to form AFP,.    AFP,  is an essentially non-toxic metabolite (Stoloff 

et al.  1972, Buchi et al.   1973), suggesting that the O-demethylation 

of AFB,  represents a detoxification reaction. 

The data indicate that these vegetables and isothiocyanates do 

not cause enzyme induction in the rainbow trout.    In agreement with 

these results, hepatoma data showed no reduction in tumor formation 

in trout challenged with AFB,  after administration of the vegetables 

and isothiocyanates. 

Although the trout did not respond to these vegetables and vege- 

table components, it has been shown that these naturally occurring and 

synthetic compounds have an effect on enzyme induction and tumor inhibi- 

tion in mammals.    Studies on the effect of 3-napthoflavone, tangeretin, 

quercetin, flavone, B-ionone, and indole-3-carbinol on MFO induction 

and inhibition of AFB-,  carcinogenesis in trout are in progress.    The 

identification, evaluation, and precise mechanism of inhibition of 

dietary constituents that can inhibit chemical  carcinogenesis may be an 

important step in understanding the balance of factors which determine 

the neoplastic response to various cancer-producing agents in the envir- 

onment. 
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ADDITIONAL EXPERIMENTS 

A time study was conducted to follow the increase in 0-demeth- 

ylase activity in rainbow trout fed a 20% supplemented blanched 

freeze-dried cauliflower diet with time. The trout had an initial 

body weight of 10 g and the livers from 15-25 fish per group were 

pooled. Samples were taken 2, 4, 6, 13, and 28 days after feeding 

the test diet. This data showed no increase in p-nitroanisole 

O-demethylase activity with time compared to controls. 

Several attempts were made to assay for demethylation of 

AFB, by measuring the production of formaldehyde. However, due 

to the limited solubility of AFB, in methanol, increases in color 

observed with increasing protein concentration in the absence of 

substrate, high background values due to a color reaction between 

methanol, protein, PCA, and the Nash reagent, and flocky precipitates 

appearing upon the addition of the Nash reagent, this assay was 

concluded to be very unreliable and further work with this proce- 

dure was discontinued. 
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TABLE I 

Trout Diets 

Diet Ingredients Control Caul iflower Broccoli Brussel Sprouts 

Vegetable - 20.0 20.0 20.0 

Casein 49.5 44.2 43.2 44.2 

Dextrin 15.6 2.7 4.1 2.8 

Gelatin 8.7 8.7 8.7 8.7 

a Cellulose 8.2 - 8.4 8.1 8.0 

Mineral Mix 4.0 3.0 3.0 3.0 

Carboxymethyl- 
cellulose 
Choline Chloride 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Vitamin Mix 2.0 2.0 2.0 2.0 

Salmon Oil 10.0 9.0 8.9 9.3 

Numbers represent % of diet by weight 
Diets are isocaloric and isonitrogervous 
Phenethyl and benzyl isothiocyanate were added directly to salmon oil 
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TABLE II 

Rat Diets 

Diet Ingredients Control Bl anched Caul- i flower Air- -dried Cauliflower 

Sucrose 50.0 38.7 38.4 

Casein 20.0 14.8 14.7 

Cornstarch 15.0 15.2 15.0 

Fiber 5.0 3.9 3.9 

Corn Oil 5.0 4.0 4.0 

Mineral Mix 3.5 2.5 2.5 

Vitamin Mix 1.0 1.0 1.0 

Methionine 0.3 0.3 0.3 

Choline Chlori de 0.2 0.2 0.2 

Cauliflower - 19.0 20.0 

Numbers represent %  of diet by weight 
Diets are isocaloric and isonitrogenous 



TABLE III. Effects of cruciferous vegetables and isothiocyanates on the MFO activity of trout hepatic 
microsomes 

Addition    nmoles p-nitrophenol/mg   nmoles benzo(a)pyrene oxidized/   nmoles cytochrome P-450/ 
to diet     microsmoal protein/hr     mg microsomal protein/min       mg microsomal protein 

none 1.87 ± .01 0.037 ± .012 0.311 ± .025 

20% cauliflower   2.55 ± .38 0.065 ± .008 0.273 ± .012 

20% broccol i 1.87 ± .26 0.066 ± .020 0.307 ± .017 

20% Brussel 

sprouts 

2.25 ± .45 0.052 ± .016 0.256 ± .027 

500 ppm phenethyl  2.08 ± .59 

isothiocyanate 

0.032 ± .007 0.289 ± .049 

500 ppm benzyl 

isothiocyanate 

0.99 ± .28° 0.011 ± .006 0.276 ± .027 
CO 

Results are given as mean ± S.E. (n=3) 
a Significantly lower than control at P< 0.05 
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TABLE IV. Effects of cruciferous vegetables and isothiocyanates 
on hepatoma incidence 9 months after exposure to 20 
ppb AFB, for one month 

Diet Description 

10% Broccoli 

20% Broccoli 

10% Brussel sprouts 

20% Brussel sprouts 

10% Cauliflower 

20% Cauliflower 

50 ppm Benzyl isothiocyanate 

500 ppm Benzyl isothiocyanate 

50 ppm Phenethyl isothiocyanate 

500 ppm Phenethyl isothiocyanate 

Positive control 

Negative control 

Numbers represent number of trout with tumors/total number of trout 
aSignificantly different than positive control at P<0.05 

Tumor Incid ence    (%) 

6/16 (38)a 

13/18 (72) 

10/20 (50) 

10/20 (50) 

11/18 (61) 

12/16 (75) 

14/19 (74) 

6/7 (86) 

13/19 (68) 

17/19 (85) 

14/19 (74) 

1/19 (5) 
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Figure II.    Effect of p-napthoflavone on several  hepatic 
trout microsomal  enzymes 
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Figure II. continued 
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TABLE V. Average daily intake, food efficiency, and liver somatic index for rats fed control and 
cauliflower diets 

Dietary treatment Average daily intake 
(g) 

Food efficiency 
(g diet/g wt gain) 

Liver somatic index 
(liver/body x 100) 

Purified diet 12.47 ± .28 

20% blanched freeze-dried       11.48 ± .30c 

cauliflower 

2.80 ± .05 

2.80 ± .35 

4.79 ± .14 

4.73 ±  .07 

20% air-dried cauliflower       12.53 ± .17 2.89 ± .03 4.67 ± .11 

Results are given as mean ± S.E. (n=10-20) 
a Significantly different at P<0.05 



TABLE VI. Effects of blanched freeze-dried and air-dried cauliflower on MFO activity of rat hepatic 
microsomes 

Dietary   nmoles p-nitrophenol/mg   nmoles benzo(a)pyrene oxidized/  nmoles cytochrome P-450/ 
treatment  microsomal protein/hr     mg microsomal protein/min       mg microsomal protein 

Purified       19.46 ± 1.86a 0.341 ± .035b 0.847 ± .041c 

diet 

20% blanched    45.05 ± .83a 0.500 ± .026b 0.974 ± .020c 

freeze-dried 
cauliflower 

20% air-dried   53.71 ± .40a 0.772 .± .084b 1.117 ± .029c 

cauliflower 

Results are given as mean ± S.E. (n=3); common superscripts denote significant difference 
a P<0.001, 5 P<0.05, c p<0.025 
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APPENDIX I 

Preparation of Microsomes 

Weigh liver. 

Perfuse with 0.9% ice-cold saline solution. 

Homogenate 6 to 8 times in 4 volumes of 0.01M KPO, buffer pH 7.2 

containing 0.15M KC1. 

Spin at 2,000 x g for 30 minutes. 

Decant supernatant and centrifuge at 12,000 x g for 30 minutes. 

Centrifuge post mitochondrial fraction at 105,000 x g for 60 minutes. 

Rinse and resuspend microsomal pellet in 0.05M KPO, buffer pH 7.6. 

Quick freeze in a dry ice acetone bath. 
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APPENDIX II 

Protein Determination 

Solution A-- Add 1.0 ml of 2% sodium tartrate and 1.0 ml 1% copper 

sulfate to 100 mis of 2% sodium carbonate in 0.1N sodium hydroxide. 

Pipette 1.0 ml of 0.1N sodium hydroxide and 10 ul of microsomes into 

test tubes. Prepare bovine serum albumin standards in same manner 

diluting to concentrations of 20, 40, 60, 80 and 100 ug per ml. 

Add 5.0 mis of solution A to test tubes. Mix and wait 10 minutes. 

Add 0.5 ml IN phenol reagent. Mix and wait 30 minutes. 

Read absorbance at 700 nm in a spectrophotometer. 

Prepare a standard curve by plotting absorbance vs. ug serum albumin 

per ml. 

Calculate the amount of microsomal protein from the standard curve. 



45 

APPENDIX III 

P-nitroanisole O-demethylase Assay 

In 12 ml  conical  test tubes add 125 umoles phosphate buffer, pH7.4, 

20 umoles MgCU, 0.4 umoles NADP  , 4.0 umoles g-6-p, 1 unit g-6-p 

dehydrogenase, and 0.5-1.0 mg microsomal protein in a total  volume 

of 2.25 ml. 

Shake and preincubate for 10 minutes at 26 C (370C for rat microsomes) 

Add 5 ul of 0.04M p-nitroanisole in DMS0 and incubate in a shaker 

water bath for one hour at above tmeperatures. 

Add 1.2 ml  cold 10% TCA to zero time samples prior to addition of 

substrate.    Stop reaction with 1.2 ml  cold 10% TCA solution. 

Spin at 2,000 x g for 10 minutes.    Keep 2.4 ml of supernatant. 

Add 0.2 ml  8.2M K0H, spin another 10 minutes at 2,000 x g. 

Read absorbance at 420 nm in a spectrophotometer 15 minutes after 

addition of K0H.    Use standard curve to determine concentration of 

p-nitrophenol. 
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APPENDIX IV 

Benzo(a)pyrene Monooxygenase Assay 

In a wide mouth scintillation vial add 50 umoles Tris-HCl buffer 

pH 7.5, 5 umoles MgCU, 5 nmoles MnClp. 1 umole NADP , 6 umoles 

isocitrate, 0.35 units isocitrate dehydrogenase, and 0.4-0.6 mg mic- 

rosomal protein in a total volume of 1 ml. 

Mix and bring to 260C (370C for rat microsomes). 

3 
Initiate reaction with 25 ul (SO nmoles H benzo(a)pyrene) in acetone. 

Incubate 15 minutes in a shaker water bath at above temperatures. 

Add 1 ml of 0.5N NaOH.in 80% ET0H to zero time samples prior to 

addition of substrate and put on ice. Stop reaction with 1 ml of 

0.5N NaOH in 80% ET0H. 

Transfer to conical tubes with pasteur pipettes. Add 3 ml hexane 

and vortex for 2 minutes. 

Centrifuge at 2,000 x g for 5 minutes and freeze in a acetone bath. 

Pour off supernatant and rinse with a little hexane prior to thawing 

at room temperature. 

Withdraw 3  ml aqueous phase with disposable pipette tips and add 

to 3.0 ml aquasol. Count in a scintillation counter the next day. 
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APPENDIX V 

7-Ethoxycoumarin O-dealkylase Assay 

Set spectrof!uorimeter at 80% transmission with 5 pmoles umbelliferone, 

Incubate 100 umoles Tris-HCI buffer pH 7.6, 0.1 umole NADPH and 1.5- 

2.0 mg microsomal protein for 5 minutes at 26 C (37 C for rat micro- 

somes) . 

Transfer mixture to cuvette and add 5 umoles 7-ethoxycoumarin. 

Invert three times to mix substrate with reaction mixture. 

Follow the increase in fluorescence for 2 minutes using an excita- 

tion wavelength of 380 nm and an emission wavelength of 450 nm. 
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APPENDIX VI 

Ethoxyresorufin O-dealkylase Assay 

Set spectrofluorimeter at 80% transmission witn 1.55 nmoles resorufin. 

Incubate 240 umoles phosphate buffer pH 7.8, 0.5-1.0 mg microsomal 

protein and 0.5 umoles NADPH for 5 minutes in 26 C water bath (37 C 

for rat microsomes). 

Transfer mixture to cuvette and add 20 ul of 50 uM ethoxyresorufin in 

methanol. Invert three times to mix substrate with reaction mixture. 

Follow the increase in fluorescence for 2 minutes using an excitation 

wavelength of 510 nm and an emission wavelength of 586 nm. 
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APPENDIX VII 

Cytochrome P-450 Determination 

Microsomes resuspended in 0.05M KPO, buffer pH 7.6 are diluted with 

0.05M KP04 buffer containing 10 M EDTA to give a 2.0 ml suspension 

in two matched cuvettes and a protein concentration between 2.0-4.0 

mg microsomal protein per ml. 

Using a Beckman ACTA CIII spectrophotometer a baseline scan is run 

from 500 nm to 410 nm. 

Add a few milligrams of sodium dithionate to both cuvettes. 

Gas the sample cuvette only with CO for 20 seconds. Invert twice to 

get rid of bubbles. Gas for another 20 seconds. 

Quickly scan and record optical density from 500nm to 410 nm. 
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APPENDIX VIII 

CALCULATIONS 

Protein Oetermination 

OP at 700 nm x dilution factor  _ iiri _ „».„+«■;„/mi n-e m=.+«v.-; = i 
slope of standard curve  " U9 of Protein/ml of material 

P-nitroanisole 0-demethylase Activity 

OP at 420 nm (sample) - 00 at 420 nm (blank) x dilution factor . 
slope of standard curve x mg microsomal protein x hour 

nmoles 0-demethylase activity/mg microsomal protein/hour 

Benzo(a)pyrene Monooxygenase Activity 

dpm sample - dpm control x dilution factor  
specific activity (dpm/nmoles) x mg microsomal protein x 15 min. 

nmoles benzo(a)pyrene monooxygenase activity/mg protein/min 

7-Ethoxycoumarin 0-dealkylase Activity 

pmoles coumarin x fluorescence units/minute _ 
80% transmittance x mg microsomal protein 

pmoles ethoxycoumarin 0-dealkylase activity/mg protein/minute 

Ethoxyresorufin 0-dealkylase Activity 

nmoles resorufin x fluorescence units/minute _ 
80% transmittance x mg microsomal protein 

nmoles ethoxyresorufin 0-dealkylase activity/mg protein/minute 

Cytochrome P-450 Oetermination 

0D at 450 nm - baseline OP x 1000 _ „„,„■,„«. D >•,;«/.»„ «^+- • 
oi ^ n,o r„^r.„nr.~^^  r^,>4-„4„/mi   nmoles P-450/mg protein 91 x mg microsomal protein/ml ^ r 



APPENDIX IX 

TABLE I.    Effect of 100 mg/kg body weight g-napthoflavone on several  hepatic trout enzymes 

Enzyme Assay Injected 
Control       Treated 

Oral 
Control       Treated 

nmoles p-nitrophenol/mg . 
microsomal protein/hr     1.86 ± .30    32.07 ± 2.83d 1.87 ±  .12 17.89 ±  .49c 

nmoles benzo(.a)pyrene 
oxidized/mg microsomal 
protein/min 

0.027 ±   .007      0.823 ±   .035' 0.074 ±  .011       0.902  +   .045c 

nmoles resorufin/mg 
microsomal   protein/min 

0.038 + .005  5.09 ± .21' 0.145 ± .008  6.07 ± .24c 

pmoles 7-hydroxycoumarin/  0.044 ± .005  0.593 ± .026c 

mg microsomal protein/min 
0.072 +   .011       0.519  ±   .004' 

nmoles cytochrome P-450/        0.283 ±  .019      0.528 +  .016 
mg microsomal  protein 

0.404 ±  .042      0.627 ±  .022 

Results are given as mean      S.E.  (n=3) 

? P<0.001 
D P<0.005 



APPENDIX X 

TABLE li.    Effects of cauliflower and phenethyl   isothiocyanate on ethoxyresorufin and 7-ethoxycoumarin 
O-dealkylase activity in trout hepatic microsomes 

Treatment nmoles resorufin/mg 
microsomal   protein/min 

pmoles 7-hydroxycoumarin/mg 
microsomal   protein/min 

100 mg phenethyl 
isothiocyanate/kg 
body weight 

control 

0.025 ±  .009c 

0.060 ±  .007 

0.027 ±   .002 

0.035 ±  .003 

20% cauliflower 5 months 
(yearly fish) 

control 

0.116 ± .024c 

0.270 + .042 

0.054 ±  .010 

0.053 ±  .011 

20% cauliflower 4 months 
(2 year old fish 

control 

0.033 ±  .008 

0.051 ±  .030 

0.087 ±  .049 

0.067 ±  .011 ro 

Results are aiven as mean ± S.E, 
a P<0.05 



APPENDIX XI 

TABLE III. Effects of cauliflower and phenethyl isothiocyanate on O-demethylase, benzo(a)pyrene 
monooxygenase, and cytochrome P-450 of trout hepatic microsomes 

Treatment   nmoles p-nitrophenol./mg   nmoles benzo(a)pyrene oxidized/   nmoles cytochrome P-450/ 
microsomal protein/hr     mg microsomal protein/min       mg microsomal protein 

100 mg phenethyl 
isothiocyanate/kg  1.76 ± .16 
body weight 

control 1.82 ± .10 

0.016 ± .001 

0.051 ± .012 

0.362 ± .020 

0.403 ± .026 

20% cauliflower 
5 months (yearly 
fish) 

control 

1.76 ± .17 

1.45 ± .249 

0.106 ± .018 

0.064 ± .016 

0.430 ± .003 

0.389 + .095 

20% cauliflower 
4 months (2 year   1.84 ± .54 
old fish 

control 1.45 ± .09 

Results are given as mean ± S.E. (n=3) 

0.025 ± .001 

0.021 ± .011 

0.399 ± .058 

0.371 ± .114 


