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In rodent models as well as in fish models there are significant 

species differences in the susceptibility toward aflatoxin Bj (AFBj) 

carcinogenesis. Mouse is less susceptible toward AFBj carcinogenesis 

than rat. Researchers have come to the conclusion that the lower 

susceptibility of mice Is not a result of less effective activation of AFBj, 

but rather of more effective inactlvation of the toxic intermediate 

AFB]-2,3-epoxide, and especially Inactlvation through the glutathione 

(GSH) conjugation of the epoxlde. 

Rainbow trout fed Oregon Test Diet are more sensitive toward AFBj 

hepatocarcinogenesis than coho salmon, or, than trout fed the Inhibitors 

B-naphthoflavone (BNF), 1ndole-3-carbinol (I3C), or Aroclor 1254 

(PCB). This study examined the role of AFBI-glutathione (AFBj-SG) 



conjugation In these differences. 

AtrltiatedAFBpglutathlone conjugate standard (^H-AFB|-S6) was 

produced in vitro using mouse liver 8-9 fraction as a source of GSH 

transferase.   It was purified by reverse phase HPLC, and Its structure 

verified by amlno acid analysis and mass spectrometry. 

Coho salmon and rainbow trout fed the various diets were injected 

i.p. wtth3H-AFBf (49MC1, 50 ug/ kg fish); bile, liver and kidney were 

collected at 24 h. Recovery of total aflatoxin radioactivity was determined 

for all three tissues, and the hepatic AFBj-DNA binding was also 

determined. Bile metabolites were quantitated by reverse phase HPLC 

using the mouse 3H-AFBpSG as a standard. 

The resistance of coho salmon toward AFB| carcinogenicity was 

supported by a 20-fold lower hepatic AFBj-DNA binding compared to 

control trout. AFBj-SG was detected in bile only In control, BNF, and I3C 

fed trout, at < 1% of total recovered metabolites, and at < 0.2X of the 

original dose, being highest in control trout. The major conjugates were 

glucuronides of aflatoxicol (AFL) and aflatoxicol-Mj (AFL-Mj) (80-902 

of the total recovered metabolites). 

In vitro metabolism studies using isolated liver cell fractions 

supported the in vivo metabolism results. Less than 0.531 of the original 

AFBj dose was converted to AFBj-SG conjugate in salmon and trout 



samples. In contrast, with Isolated mouse liver cell fractions 

approximately 25% of the original AFB| dose was conjugated with GSH. 

The GSH concentration of control trout liver was 2.9 mmol/ kg. 

Coho salmon had GSH concentration 70% of that found in control trout. In 

BNF pre-fed trout liver GSH concentration was enhanced by 25% compared 

to controls. Liver GSH transferase activity using l-chloro-2,4- 

dlnitrobenzene as substrate was 1.15 umol/min/mg protein In control 

trout. This enzyme activity In salmon was only 26% of that found in control 

trout. A 62% elevation In GSH transferase activity compared to controls 

was detected in trout fed BNF diet. There Is no apparent correlation 

between liver GSH or GSH transferase activities among the various groups, 

and their relative sensitivities to AFB j carcinogenesis. 

This study Indicates that AFBpSG conjugation is not a significant 

pathway in salmon and trout fed control diets, or trout fed various 

inhibitors, and cannot account for the variation In AFBf sensitivity. 
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THE SIGNIFICANCE OF GLUTATHIONE CONJUGATION FOR AFLATOXIN B1 

METABOLISM IN RAINBOW TROUT AND COHO SALMON 

INTRODUCTION 

The human diet contains a large number of compounds which have 

been shown to inhibit experimental carcinogenesis In animal models. 

Epidemiol ogle studies, on the other hand, have shown connections 

between reduction in cancer risk In humans with increases in ingestion of 

certain factors, e.g. some vitamins and minerals, in the diet. Some of 

the dietary cancer Inhibitors occur naturally, some are food additives, 

and some are chemicals that get to the food unintentionally (Fiala etah, 

1985; Wattenberg, 1985; Graham, 1984; NRC, 1982). 

Many of the dietary inhibitors induce the function of enzyme 

systems which enhance the detoxification of carcinogenic compounds,thus 

decreasing initiation of carcinogenesis (Wattenberg, 1985). One of these 

detoxification pathways is glutathione conjugation, the binding of a large 

variety of electrophlles to the sulfhydryl group of glutathione. This 

reaction is catalyzed by glutathione transferases, a widely distributed 

group of enzymes of overlapping substrate specificities (Mannervlk, 

1985). The significance of this detoxification pathway is based on the fact 

that it detoxifies highly reactive, biologically activated carcinogens, which 

if not conjugated, will with high probability bind covalently to cellular 



macromolecules, and In this manner initiate carcinogenesis. 

Numerous carcinogenesis inhibitors have been shown to increase 

GSH transferase activity in liver as well as in other tissues. It has even 

been suggested that Induction of increased GSH transferase activity could 

be used as a parameter for selecting putative inhibitors of carcino- 

genesis (Wattenberg, 1985). 

Aflatoxin Bj (AFBj), a mycotoxin produced by the fungi 

Aspergillus fiavus and paraciticus, is toxic and carcinogenic to varying 

degrees in different animals. It is as such, however, only a procarcino- 

gen, but is metabolically activated by the microsomal mixed function 

oxidase system (MFO) to a highly reactive 2,3-oxide intermediate, the 

proposed carcinogen (Swenson et ah, 1977). Unreacted AFBj can be 

metabolized enzymatically to a variety of compounds, which are in 

competition with AFBj-2,3-oxide formation, and most of which can be 

considered as detoxification products. These compounds include 

aflatoxin M, (AFM,), aflatoxin PI (AFP,), aflatoxin Ql (AFQ,) and 

glucuronide conjugates of some aflatoxin metabolites (Campell and Hayes 

1976; Loveland etal.y 1984). The biologically activated AFB, can be 

inactivated enzymatically by glutathione transferase to form an 

aflatoxln-glutathione conjugate (AFBj-SG) (Degen and Neumann,  1978, 

1981). Another proposed enzyme to detoxify activated AFBj is epoxide 



hydrase. However, the role of this enzyme in detoxification of 

AFB|-2,3-oxide is at present under debate, and remains unclear (Coles 

etah, 1985). 

Among the mammalian species in which AFBj-SG formation has 

been studied, rat and mouse are the models most commonly used. These 

two animal models serve as good examples illustrating the large 

differences found to exist in the susceptibility toward AFB] toxicity and in 

glutathione conjugation between different animal species. Mouse Is less 

susceptible toward AFB] carcinogenesis than rat. Researchers have 

come to the conclusion that the lower susceptibility of mice is not a result 

of less effective activation of AFBj, but rather of more effective 

inactivation of the toxic intermediate AFBj-2,3-oxide, and especially 

inactivation through the GSH conjugation of the epoxide (Degen and 

Neumann,   1981). 

In addition to rodent models in research on carcinogenesis and its 

inhibition, fish models serve as alternative vertebrate species for 

comparative studies on mechanisms of action of carcinogens as well as 

inhibitors. Comparative information on carcinogenesis and its inhibition 

from several animal models is important since commonality in mechanism 

of action, rather than potency of effect, Is more likely extrapolatable to 

man. This may lead to better understanding of the impact of dietary 

inhibitors on cancer rates in humans. 



In research on AFBj carcinogenesis and cancer inhibition, the 

trout model has been extensively used, in part because rainbow trout 

(SaJmo gairdneri) are more sensitive to AFB] carcinogenicity than are 

any other known group of animals or species of fish (Hendrlcks, 1982). 

Several dietary carcinogenesis inhibitors e.g. B-naphthoflavone (BNF), a 

synthetic flavonoid; indole-3-carbinol (I3C), present in cruciferous 

vegetables; and polychlorinated blphenyls (PCBs), environmental 

contaminants, have been shown to reduce tumor incidence In trout as well 

as reduce the hepatic AFBpDNA binding (Hendrlcks et ah, 1977; Bailey et 

ah, 1982; Nixon etah, 1984; Shelton etah\ Loveland etah, 1984). 

Another salmonid fish, coho salmon (Oncorhynchus kisutch ), is 

more resistant toward AFBj carcinogenesis than rainbow trout, and has 

been reported to have twenty-fold lower in vivo binding of AFBj to liver 

DMA compared to rainbow trout (Whitham et ah, 1982).  The reduced 

level of binding of AFBj to DMA in coho salmon compared with trout could 

be due to reduced metabolism or activation of the carcinogen,   enhanced 

rate of repair of DMA, or enhanced detoxification of activated AFBj. 

However, neither of these fish species have been reported to have any 

substantial capacity to repair DMA damage before cell replication 

permanently fixes mutations In daughter cells (Whitham, 1982; Bailey et 

al., 1983), nor have any significant differences in the rates of formation 



of aflatoxicol (AFL) and aflatoxin Mj (AFM^), the major primary 

metabolites, been found (Bailey, unpublished data). 

With the sensitivity difference of mouse and rat toward AFBj 

carclnogenesls and the metabolic explanation of this finding In mind, it Is 

possible to hypothesize that the carclnogenesls susceptibility difference 

between rainbow trout and coho salmon could be based on a different 

degree of AFBj-GSH conjugation in these fish species.   Loveland et at. 

(1984) have studied AFBj conjugation reactions in vivo in rainbow trout, 

and have found that the major conjugates formed, and excreted to bile, 

are glucuronides. In their study the possibility of AFBpGSH conjugation 

was, however, not ruled out, because 13-18% of the recovered 

conjugates remained unidentified. In coho salmon, about the same 

degree of glucuronide formation as in trout has been measured with 

AFB,, but the formation of AFB|-SG was not included in the studies 

(Bailey, personal communication). 

Although these studies eliminate the possibility of major AFBpSG 

formation in trout, precise information of the extent of AFB) detoxification 

through giutathlone conjugation is still needed. Maximal AFBj-DNA binding 

in liver reaches a total amount of approximately IX of the original dose. 

Mence even small changes In detoxification of the original dose through the 

giutathlone conjugation pathway could play an essential role in the 



Inhibition of carcinogenesis Initiation, because this pathway detoxifies the 

ultimate carcinogen AFBj -2,3-epoxlde. Glucuronldatlon and MFO Induced 

hydroxylation reactions, which are Important In decreasing the 

procarclnogen amount available for activation by MFO enzymes, do not 

provide detoxification of the activated, highly reactive form of AFBj. 

In summary, data available from rodent models suggest that 

variations in detoxification of AFBf-2,3-oxlde via glutathlone conjugation 

may play a significant role in species sensitivity differences, and as a 

mechanism for dietary inhibition of AFBj. The objectives of this study 

were: 

- to determine the degree of AFB| detoxification through glutathlone 

conjugation in bile of rainbow trout and coho salmon, 

- to study whether the resistance of coho salmon toward AFBj 

carcinogenecity compared to rainbow trout could be explained with a 

higher degree of AFBj detoxification through the glutathlone conjugation 

pathway in salmon, and 

- to investigate what effect the dietary carcinogenesis inhibitors 

B-naphthoflavone, tndole-3-carbtnol, and polychlorinated biphenyl 

Aroclor 1254 have on the degree of AFBj-SG formation in rainbow 

trout. 



LITERATURE REVIEW 

Aflatoxlns and their metabolism 

Aflatoxins arise naturally when a toxin-producing strain of 

AspergWus flavusw Aspergillus parasiticus grows on a substrate In a 

geographical area where environmental conditions are suitable for the 

development of the mold. Not much was known about aflatoxlns prior to 

I960, when an alarming  "Turkey X" disease outbreak occured In England, 

killing about 100,000 young turkeys and tens of thousands of ducklings 

and pheasants. In the same year a hepatoma outbreak was reported In 

trout hatcheries In the United States. The cause In the "Turkey X" disease 

was traced to peanut meal and, In the case of trout hepatomas, to the 

cotton-seed component of the trout ration. By physical and chemical 

means, scientists Isolated a new group of compounds to which they gave 

the name aflatoxlns, which were the cause of the outbreaks. Four 

aflatoxlns were Identified, and AFBj was found to be the most toxic and 

carcinogenic (Heathcote and Hibbert, 1978; Sinnhuber,   1977). 

AFBj Is toxic and carcinogenic to varying degrees in different 

animals. It is as such, however, only a procarclnogen, but is meta- 

bolically activated by the microsomal mixed function oxidase system 

(MFO) to a highly reactive 2,3-oxide intermediate, the proposed 
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carcinogen. This Intermediate Is capable of binding covalently to cellular 

macromolecules, e.g. to DNA (Swenson etah 1977). The N-7-guamne 

adduct of AFBj, (2,3-dihydro-2-(N-7-guanyl)-3 hydroxy)aflatox1n B^ 

has been Identified as the major adduct In DNA from rat, mouse, and 

rainbow trout treated with AFBj (Croy and Wogan 1981; Croy et ah 

1980). 

The biologically activated AFB] can, however, be inactivated 

enzymatically by glutathlone transferase to form aflatoxtn-glutathlone 

conjugate (2,3-dJhydro-2-(S-glutathionyl)-3-hydroxyaflatox1n Bj) 

(Degen  and Neumann 1978,1981).   Epoxide hydrase is considered by 

many researchers as the enzyme which catalyzes the formation of the 

dihydrodiol (2,3-d1hydroxy-2,3-dihydro-aflatox1n Bj) from the reactive 

intermediate AFBj-2,3-oxide. This reaction, as well as glutathlone 

conjugation would be directly competitive with DNA adduct formation, thus 

inhibiting carcinogenesis initiation. According to Metcalfe et ah (1981), 

however, present evidence based mainly on the use of inhibitors of this 

enzyme activity suggests that the dihydrodiol is formed by non-enzymatic 

hydration of the epoxide. it has also been stated that dihydrodiol binds to 

DNA and protein in vitro■, is a bacterial mutagen, and thus potentially 

toxic, and that the AFB|-2,3-ox1de Is probably not a substrate for 

epoxide hydrase (Coles etah 1985). The role of this enzyme in 



detoxification of AFBp2f3-ox1de thus remains unclear. 

Unreacted AFBj can be metabolized enzymatlcally to a variety of 

compounds, which are in competition with AFB| epoxlde formation, and 

most of which can be considered as detoxification products (Decad etal. 

1979; Campell and Hayes, 1976). Aflatoxicol (AFL) is produced by a 

reduction mediated by cytosolic enzymes. Because aflatoxicol has been 

shown to be highly carcinogenic in rats and in trout (Nixon */*/, 1981; 

Schoenhard et ah 1981), and because it seems to provide an intra- 

cellular reservoir for AFBj (Petterson, 1974), it is not considered to be 

a detoxification product (Bailey etal. 1984). AFBj can be hydroxylated at 

various positions by the MFO system to produce AFMj or aflatoxin Qj 

(AFQj). These compounds are recognized as detoxification products, 

since their apparent carcinogenic activities are much less than the activity 

ofAFB] (Slnnhuber etal. 1974; Ruebner etal. 1985). In addition, 

hydroxylated metabolites of AFB| can be detoxified by transferases to 

form glucuronlde conjugates (Bailey etal. 1982; Loveland etal. 1984). 

A summary of known and proposed metabolic conversions of AFBj is 

presented in Figure I.The major known or suspected conjugation 

reactions of AFBj in trout liver cells are shown in Figure 2. 
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Glutathione transferases; background 

Glutathione transferases are a group of  enzymes,  which since 

their identification in the beginning of 1960s ( Booth etal., 1961) have 

been studied extensively. Several reviews on the glutathione 

transferases have been published (see e.g. Boyland and Chasseaud, 

1969; Smith etal.% 1977; Jacoby, 1978; Jacoby and Habig, 1980; Hablg 

and Jacoby, 1981; Mannervlk, 1985).  They occur in multiple forms, 

have been found to be widespread in the animal kingdom, and they have 

also been discovered in some plants (Mozer etahy 1983).  Glutathione 

transferases have been studied mainly as detoxification enzymes of 

various xenoblotics, but It has been suggested that GSH transferases may 

have evolved for endogenous substrates; estradlol-170, cholesterol 

alpha-epoxide and dopaquinone are examples of these substrates 

(Mannervik, 1985). 

The best known GSH transferases are those of human and rat 

origin. In rat liver these transferases represent approximately 10% of the 

total soluble protein and in human liver 3% (Habig and Jacoby, 1981; 

Nimmo and  Clapp, 1979). Isozymes have also been identified also in 

mouse, hamster, guinea pig, chicken, cow, monkey, sheep, trout, 

shark, little skate, grass grub, house fly, American cockroach and six 

species of earthworm. It has been suggested that both multiple genes and 

hybridization of subunits are the basis for the occurrence of isozymes. In 

detoxification multiple forms can be considered beneficial, because 
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multiple forms may afford a broader coverage of possible substrates than 

a single enzyme could (Mannervik ,1985). 

Glutathlone transferases In mammals 

At present, the Commission on Biochemical Nomenclature 

recognizes the glutathlone transferases (systematic name  RX:glutathione 

R-transferase) as EC 2.5.1.18 ( IUPAC-IUB, 1978, IUB, 1984). 

The nomenclature of rat glutathlone transferases is most extensively 

defined. Fifteen years ago, the classification was based on the assumed 

substrate specificities of the enzymes and five enzymes were named: 

glutathlone S-aryltransferase, glutathlone S-epoxIdetransferase, 

glutathlone S-alkyltransferase, glutathlone S-aralkyltransferase and 

glutathlone S-alkenetransferase (Boyland and Chasseaud,  1969). 

Later it was found that isolated glutathlone transferases have 

broad and overlapping substrate specificities, for example, the purified 

"epoxidetransferase" was active with alkyl and aralkyl halogenides in 

addition to epoxides (Pabst et ah , 1973). This finding led to the 

renaming of glutathlone transferases by Roman letters, according to their 

order of elution from a CM-cellulose Ion exchanger (Jacoby etal., 

1976). However, the finding that six major glutathlone transferases in rat 

liver are dimeric proteins composed of one or two of the four alleles 

identified, such that both homodimers and heterodimers exist, led 

Mannervik and Jensson (1982) to propose that the nomenclature should 
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be changed to reflect allelic composition. Scientists In this field also 

realized that the advent of recomblnant DMA technology put additional 

stress upon the existing system. They decided (Jacoby etah, 1984) that 

each protein species should be Identified by the name of the organism 

from which It Is Isolated but not by the tissue from which It Is extracted. It 

was also recommended that since the glutathlone transferases are 

dlmers, with each Isoenzyme differing with respect to Its allelic 

composition, every allele should receive Its own number. For example, a 

homodlmer composed only of subunit 1 would be Identified as rat 

glutathlone transferase 1-1, whereas the heterodlmer consisting of 

subunlts 1 and 2 would be Identified as rat glutathlone transferase 1-2. 

The proposed new nomenclature and examples of the  previously used 

designations for each of the eight isoenzymes that are adequately 

characterized Is presented in Table 1 . 

The different rat isoenzymes have been distinguished by their 

characteristic specific activities with a variety of substrates and by use of 

selective inhibitors. There has been discussion of the relative mobilities 

on sodium dodecyl sulfate polyacrylamlde gel electrophoresls, but the Mr 

values now generally agreed upon are estimated to be:   1 = 25,000; 2 = 

28,000; 3 = 26,500; 4 = 26,500; 5 = 29,000; and 6 = 26,000 (Jacoby et 

ah , 1984). However, in a review by Mannervik (1985), the Mr value 

given for subunit 5 was 26,500. The following isoelectric points have been 

determined for the isozymes: glutathlone transferase 1-1, 10.0 ; 
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transferase 1-2, 9.9; transferase 2-2, 9,8; transferase 3-3, 8.4 ; 

transf erase 3-4, 8.1 ; transf erase 4-4, 6.9 ; transf erase 5-5, 7.3 ; 

transf erase 6-6, 5.8. Amino acid sequencing and cDNA cloning studies 

for rat and mouse transferases were recently reviewed by Mannervik 

(1985). 

Glutathione transferase isozymes described above are all cytosolic 

enzymes,   horgenstern et al. (1982; 1983a; 1983b) have studied 

extensively the only glutathione transferase yet identified from micro- 

somes. It comprises 2.5-3. IX of the microsomal  protein and has a Mr 

value approximately 14,000, but in contrast to the cytosolic proteins is 

believed to be a trimeric or tetrameric protein. The isoelectric point of 

this enzyme is at 10.1. 

Human liver glutathione transferases are considered a more homo- 

genous group of enzymes compared to rat liver glutathione transferases 

with respect to their spectrum of enzymatic activities. It has been stated 

that the human liver transferases seem to represent post-synthetic 

modifications of a single gene product (Kamisaka etah, 1975; Habig and 

Jacoby, 1981). At this point, the human glutathione transferases are 

denoted by Greek letters, and are devided into three groups: basic 

(alpha, beta, gamma, delta and epsilon), according to their  basic 

isoelectric points ; near-neutral (mu) and acidic (rho and pi, from 

erythrocytes and placenta respectively) (Mannervik, 1985). The major 

mouse liver glutathione transferases are identified as GT-8.7 and 
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6T-9.3 (also called F1 and F2), and have been characterized as 

homodimers. A third isozyme (F3) has been found, but it has a dimeric 

structure. In addition to these major forms, a minor form of mouse 

transferase (F4) with a high isoelectrlc point (> 9.5) has been identified 

(Lee etah,1981; Pearson etal., 1983). The nomenclature of human and 

mouse enzymes is being considered but is presently in a less defined 

position (Jacoby etah, 1984). There is no information available about 

changes in adopted nomenclature of the glutathione transferases in other 

animal species. 

Reaction mechanism of glutathione transferases 

Glutathione transferases are assumed to have a major role in the 

biotransformation of xenobiotics. They are thought to conjugate reduced 

glutathione with a range of organic electrophiles, either directly or after 

bloactlvation, to give products that are generally less toxic, soluble In 

water and suitable for excretion. In this reaction, the sulfur atom of 

glutathione provides electrons for nucleophilic attack on, or reduction of, 

the second, electrophilic substrate and a glutathione conjugate is formed. 

The conjugate formed can be excreted as such or hydrolyzed to a 

cysteine derivative. The cysteine derivative can be further N-acetylated to 

produce the final excretion product, a mercapturic acid, (Habig etah , 

1974; Mannervik, 1985). Other sulfur-containing end products of xeno- 

biotics are also considered as important major metabolites arising from 
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conjugation with glutathione, e.g. thioglucuronide and methylthio 

derivatives (Mannervik, 1985). 

Glutathione transferases are able to bind non-covalently and hence 

sequester potentially toxic llgands until these are metabolized or 

excreted, and to combine covalently with more reactive agents such as 

the azo-dyes, in reactions which are thought to inactivate the catalytic 

function of the enzyme (Jacoby and Keen, 1977). Mannervik (1985) has 

pointed out that glutathione conjugate formation with endogenous 

substrates, e.g. estradlol-170, 2-hyclroxyestrad1oM7B, cholesterol 

alpha-epoxide, dopaqulnone and endogenous epoxides, might be more 

important than previously realized. The protection of membranes subject 

to llpld peroxldatlon might also be a significant biological function of the 

glutathione transferases, although it is known that enzymes other than 

glutathione transferases have a marked effect In protection against llpld 

peroxides. 

There are reports that some electrophilic compounds may react 

with glutathione directly without the aid of the transferases (Jacoby, 

1978; Jacoby and Habig, 1980). This theory of nonenzymatic reactions 

has, however, been criticized by Mannervik (1985). According to him, 

the history of biochemistry shows that most of the chemical reactions 

originally considered as spontaneous are indeed enzyme-catalyzed, and 

he calls for careful investigation, before the exceptions that prove the 

rule should be accepted. 

The assay considered to be most convenient and sensitive  for 
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glutathlone transf erases Is a spectrophotometric one, In which glutathlone 

and 1-chloro-2,4-dinitrobenzene (CDNB) serve as substrates (Hablg et 

ah , 1974; Jacoby and Hablg, 1980). This assay has been used widely In 

glutathlone transferase activity determinations of non-separated enzyme 

fractions or after chromatographlc and electrophoretlc separations of the 

different Isozymes. All glutathlone transf erases are reported to be active 

with CDNB as substrate (Hablg and Jacoby, 1981). The use of this com- 

pound as a 'general substrate" for glutathlone transferases has been 

important In recognizing the multitude of Isoenzymes in various sources. 

However, It has been pointed out that some enzyme forms display low 

specific activity with CDNB, and the exclusive use of this substrate may 

impede detection of some isozymes that exist (Clark etal., 1973). For 

example, rat microsomal  glutathione transferase has been found to have 

comparatively low activity with this substrate (Morgenstern, 1983 a). 

Other spectrophotometric methods have been summarized by Hablg et al. 

(1974). The use of high performance liquid chromatography in isozyme 

separation has lessened the need for large quantities of tissue and has 

shortened the separation times. This appears to improve yields and help 

avoid formation of oxidation or degradation products of glutathione 

transferases that may erroneously be interpreted as new isozymes 

(Howard and Stone, 1985; Mannervik, 1985). 

The inducers used most frequently in order to Increase the activity 

of rat liver glutathione transferases are phenobarbital, 3-methyl- 

cholanthrene and   //^rts-stllbene oxide. The different isozymes, 
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however, do not react Identically toward these Inducers. It has been 

found that rat liver giutathlone transferase 1-1, which Is the major 

isozyme In unlnduced animals, Is most effectively Induced by the 

compounds listed above. Transferase 1-2 Is also Increased by Inducers, 

but the cytosolic concentration of giutathlone transferase 2-2 is, on the 

contrary, decreased. The isozyme 3-3 has been induced with 

//w&-stilbene oxide, phenobarbital and 3-methylcholanthrene but 

concentrations of the transferase 4-4 were decreased with /'rawstllbene 

oxide. Giutathlone transferase 6-6, which Is the major Isozyme of rat 

testis, was non-responsive to these inducers (Mannervlk 1985). The 

mlcrosomal rat giutathlone transferase can be elevated 15-fold by 

treatment with N-ethylmalelmlde (Morgenstern, 1983a). 

In analysis of the kinetics of giutathlone transferases using rat 

transferase 3-3, it has been found that the steady-state kinetics do not 

follow Michaells-Menten kinetics when one substrate concentration is kept 

constant while a second substrate concentration Is varied. (Pabst etah, 

1974; Askel6f etah, 1975). According to Mannervlk (1985), all 

available data support a single-displacement sequential reaction scheme 

in the conjugation of giutathlone with an electrophillc substrate catalyzed 

by giutathlone transferase. 



Table 1. Nomenclature for the Rat Glutathlone Transferases*) 
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Previous nomenclature (reference) 
Litwac et   Jacoby et   Bass et aJ., Mannervik Manner- 
a/.t 1971    a/., 1976    1977; and Jens- vlk, 

Beale*/*/.  son, 1982 1985 
1983 

New 
nomen- 
clature 

GSH trans- 
ferase 1-1 

} Ligandin        B 
GSH trans- 
ferase 1-2 

Wa 

Vc BL 

GSH trans- 
ferase 2-2 AA Vc B, 

GSH trans- 
ferase 3-3 vv A2 

GSH trans- 
ferase 3-4 VV AC 

GSH trans- 
ferase 4-4 D*) \W 
GSH trans- 
ferase 5-5 

GSH trans- 
ferase 6-6 Mn 

x) modified from Mannervik, 1985. 
*) GSH transferase D was never fully characterized by Jacoby and 

co-workers. The identification with isoenzyme 4-4 is based mainly 
on the similarity in chromatographic properties. 
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Glutathlone transferases in trout and other fish 

Information about trout glutathlone transferases has Increased 

considerably during the last five years, mainly because of the research 

done by Nimmo and his co-workers. In 1979, Nimmo et ah published 

results that cytosol fractions from trout liver, gills and Intestinal caeca 

have substantial glutathlone transferase activity. They were able to 

separate several glutathlone transferases using gel-exclusion and 

ion-exchange chromatography. The finding that trout liver glutathlone 

transferase activity is less stable at 370C than that from rat liver was 

reported, and 250C was stated to be a suitable assay temperature for 

trout liver enzymes. Over 90Z of the glutathlone transferase activity of 

trout liver is cytosolic, about 2% in microsomes, and 1-2% both in nuclei 

and in mitochondria. The trout liver enzymes are dimers as in rat, and 

the molecular weights of their monomers have been reported to be similar 

to those of the Ya and Yb monomers of the rat liver enzymes (Nimmo et 

ah 1981). 

Ramage and Nimmo (1984) reported that there are at least seven 

different glutathlone transferases in rainbow trout, and they called them 

either antonic or cationfc on the basis of their behavior on a chromato- 

focusing column.The major isozymes separated were called Cl, C2, C4 

and C5. Using SOS-polyacrylamide gel elctrophoresis technique, Cl and 

C2 were shown to be homodimers of subunit Mr 22,400, C4 to be a 
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heterodimer, tip's 22,400 and 24,500, and C5 predominantly an Mr 

22,400 homodlmer. Because It has been possible to separate at least 

eight major giutathlone transferase isozymes in rat liver, it is 

theoretically possible that trout and other salmonlds, which have 

originated through genome duplication events ( Lim etah, 1975; Bailey et 

ah, 1978), could have a much larger number of giutathlone transferase 

enzymes than found so far. 

Bauermelster */#/.( 1983) have stated that a glutathlone- 

conjugate-mercapturic acid pathway similar to mammals is present in 

trout. This statement was based on findings that the tissues studied had 

substantial giutathlone transferase activity, the giutathlone concentration 

was mllllmolar order of magnitude per kg tissue, and kidney and Intestinal 

caeca had substantial gamma-glutamyl transpeptidase activity, which is 

needed in the first step in the formation of mercapturic acid from a 

glutathione-conjugate. The presence of this pathway was previously 

Implied In the studies by Parker etah (1980; 1981). They showed that 

isolated hepatocytes from trout can convert acetaminophen to a 

giutathlone conjugate, and that there is evidence of breakdown of 

acetaminophen-glutathione conjugate to the acetaminophen-cysteine 

conjugate In kidney homogenates. Detailed homologles between trout and 

mammalian Isozymes have yet to be established. 

Glutathione-transferase activities in coho salmon do not appear to 

have been published. James etah (1979) have measured giutathlone 
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transferase activities in subcellular fractions prepared from liver or 

hepatopancreas of a number of marine species from families of teleosts, 

elasmobranchs, Crustacea and molluscs,common to Maine or Florida. 

Activities were detected In all species studied. Other fish that are 

reported to have glutathione transferase activity are the northern pike 

{Fsox fucius) (Balk etal.% 1980, as cited in Nimmo, 1985), shark 

(PtotyrMnofcfes triseriata) (Sugiyama etah, 1981), and little skate 

(Raja erinacea). Little skate was reported to have nearly four times 

higher liver cytosol glutathione transferase activity than rat liver cytosol 

with benzo(a)pyrene 4,5-oxide as substrate, but only 2.8X of the activity 

of rat cytosol with the substrate, styrene 7,8-oxide( Nimmo etah, 1979; 

Foureman and Bend, 1984). Foureman and Bend separated five cytosollc 

glutathione transferases of the male little skate and named them E1-E5 in 

order of their elution from a DEAE-cellulose column. Isozyme E4 was 

found to be a dimeric protein and the subunits to be either very similar or 

identical on molecular weight (~ 26,000 daltons). This Isozyme was 

reported to account for more than 90% of the cytosollc glutathione 

transferase activity with benzo(a)pyrene as substrate. 

Dietary Inhibitors of carcinogenesls 

The human diet contains a large number of compounds which have 

been shown to inhibit experimental carcinogenesis in animal models (for 
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reviews, see Flala eta/., 1985; Wattenberg, 1985; Ames, 1983). 

Epldemlologlc studies have given Information about possible dietary 

factors which function as inhibitors of cancer In human populations. 

Correlations between reduction In cancer risk and increases In ingestlon of 

certain compounds In food, e.g. vitamins and certain minerals, have 

been reported (Graham, 1984; Stahelin, 1984; NRC, 1982). 

Chemopreventive agents have been divided into two broad cate- 

gories by Wattenberg (1985). The first category Includes compounds that 

are effective against complete carcinogens, and the second consists of 

compounds that are effective against tumor promoters. He considers 

compounds that inhibit neoplasia, when administered shortly before 

exposure to a carcinogenic compound, as a separate group. 

Compounds that are effective against complete carcinogens have 

further been classified according to the time in the carcinogenic process 

at which they act. The first group of Inhibitors are compounds that prevent 

In situ formation of carcinogens from precursor substrates. For example 

ascorbic acid or alpha-tocopherol appear to directly inhibit the formation 

of carcinogenic N-nitroso compounds from dietary nitrate and nitrosatabte 

amines. The second group, termed "blocking agents', prevent 

carcinogens from reaching or reacting with critical target sites.These 

include compounds such as B-naphthoflavone ( 6NF) or the phenolic 

antloxidant BHA (2(3)-tert-Butylhydroxyanisole), which can induce an 

increase in the microsomal monooxygenase activity (Phase I enzymes) 

or Induce an increase in conjugating enzymes (Phase II enzymes). A 
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third group called 'suppressing agents' are effective when fed subsequent 

to administration of carcinogens; these include retinoids, cyanates and 

compounds that inhibit prostaglandin synthesis ( Fiala et ah , 1985, 

Wattenberg, 1985). 

Compounds that inhibit tumor promotion have been suggested to 

possibly reside in a 'blocking action' in which the tissue is protected from 

attack by oxygen radicals. Retinoids, protease inhibitors, and some 

phenol compounds,like the antloxidant BHA used as a food additive, have 

been included in this group, which shows that they have more than one 

mode of inhibition (Wattenberg, 1983; Wattenberg, 1985). 

In rodent models the conjugation reaction catalyzed by GSH 

transferase has been studied extensively as a major detoxification 

system. This enzyme complex catalyzes the binding of a large variety of 

electrophiles to the sulfhydryl group of GSH. In the detoxification of AFB| 

in mouse and rat, GSH transferase enzymes catalyze the main 

detoxification reactions. Many carcinogen Inhibitors have been shown to 

increase GSH transferase activity, and it has been suggested that 

induction of increased GSH transferase activity could be used as a 

parameter for selecting putative inhibitors of carcinogenesis. The type of 

diet and certain specific dietary factors have been shown to affect the GSH 

transferase activity in certain tissues. Consumption of diets containing 

dried powdered preparations of brussels sprouts, cabbage, coffee 

beans, or tea leaves have been reported to result in increased GSH 
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transferase activity. Compounds listed to enhance GSH transferase 

activity in rodents Include  I3C, BHA, benzyl isothiocyanate, kahweol 

palmltate and cafestol palmltate. It has also been reported that animals 

fed crude diets have significantly higher GSH transferase activity In tissues 

than animals fed purified diets ( Sparnins et al., 1982; Wattenberg, 

1983). 

As reviewed by Sinnhuber et al. (1977) and Hendricks et al. 

(1984) the trout model offers distinct advantages over traditional rodent 

models for certain carcinogenesis studies, including: the possibility of 

using large numbers of trout at relatively low cost; minimal food 

requirements per unit of growth, because trout are efficient food 

converters; several routes of exposure to chemicals (dietary, injection, 

or water); and embryonic exposure models which permit full-scale 

testing of minute quantities of chemicals. Trout are sensitive to a number 

of liver carcinogens and several kidney, stomach, and swimbladder 

carcinogens, and they are the most sensitive known animal to the 

carcinogeniclty of AFBj. The spontaneous rate of cancer is also very low 

in trout. Biochemical systems are similar in trout and mammals, although 

different biochemical pathways may predominate in trout xenobiotic 

metabolism compared with mammals. Indeed trout resemble humans 

more closely that do rats in at least two significant aspects of xenobiotic 

metabolism, namely presence of a gall bladder for bile metabolite 

storage, and an absolute requirement for dietary vitamin C. 
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The studies on dietary inhibition of AFBj carcinogenesis in the trout 

model consist of tumor studies as well as mechanism studies. The main 

emphasis has been on the "blocking agents" like flavone and indole 

compounds, antioxldants and PCBs ( Hendricks eta/.% 1977; Bailey eta/., 

1982; Nixon etal., 1984; Shelton eta!., 1984; Loveland if*/. ,1984). 

Indole compounds, present in cruciferous vegetables including 

cauliflower, broccoli, brussels sprouts and cabbage, have been shown 

to Induce hepatic mlcrosomal enzymes and Increase hepatic P-450 

content In rats and hamsters (Wattenberg and Loub, 1978). In trout 

dietary lndole-3-carblnol (I3C) has been shown to Inhibit AFBj carcino- 

genesis (Bailey etat., 1982), but it was found not to induce the mixed 

function oxldase enzymes (Elsele eta/., 1983, Nixon eta/., 1984). 

Despite lack of measurable induction, Goeger etaf. (1985) have found 

that I3C, when prefed to trout for 3 weeks, functioned as an anti-initiator, 

decreasing AFBj-DNA binding and increasing the amount of AFM] and 

AFL-Ml-glucuronlde among the detoxification metabolites. 

Inhibitors which induce the MFO system are usually divided Into two 

groups: "phenobarbital-type" (PB) inducers and "3-methylcholanthrene- 

type" (3MC) inducers. PB-type inducers, which include phenobarbltal and 

certain PCB Isomers, Induce cytochrome P-450-11nked mlcrosomal 

activity (Gurtoo and Dahms, 1979). This activity is responsible for 

converting AFBj to AFQj and activating AFBj to the reactive Intermediate, 
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AFB^-2f3-epoxide. "3MC-type" Inducers Include BNF and  PCB isomers 

which preferentially Induce cytochrome P-448-11nlced enzymes. Among 

other reactions, the conversion of AFBj to AFM j Is a P-448 associated 

reaction (Gurtoo and Dahms, 1979). 

Unresolved PCBs, having an inducing effect on P-450 as well as 

P-448 associated enzymes, are called "mixed inducers*. In the trout a 

significant reduction in tumor incidence was found when the diet contained 

100 ppm PCB (Aroclor 1254) in addition to AFBj (6 ppb) (Hendricks et 

ah , 1977). The inhibition of AFBj carcinogenesis is shown to be PCB- 

dose related (Shelton et ah, 1984 ), but It has been pointed out that the 

relative time of exposure, the route of exposure, and the body burden of 

PCB at the time of carcinogen exposure may all affect the combined 

response (Shelton et ah, 1983). PCB treatment of trout has been shown 

to shift AFBj metabolites found in vivo in blood plasma and liver homo- 

genates towards greater production of AFM) and glucuronide conjugates. 

In bile the major metabolite of PCB fish was the AFL-M j -glucuronide. This 

metabolite was enhanced 15-fold over controls. The pattern of AFBj 

metabolism in vitro\ in isolated hepatocytes from PCB prefed fish, was 

found to be consistent with in vivo metabolism. PCB treatment seemed to 

increase the total rate of AFB| metabolism.  In vivo AFBpDNA adduct 

levels over a 21 day period were only 48-69% of controls (Shelton et ah, 
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1985). 

BNF, a synthetic flavonold, has also been found to Inhibit AFBj 

hepatocarcinogenesis in trout (Bailey etahy 1982) and rats (Gurtoo et 

ah, 1985). It has been shown to strongly induce liver NFO activities in 

trout. In trout hepatocytes, production of the detoxified metabolite AFMj 

was enhanced 16-fold, whereas production of highly carcinogenic AFL 

was reduced 3-fold, and AFBj-DNA binding in the cells was reduced by 

approximately 50%, when fish were pretreated with BNF In the diet (Bailey 

etah, 1982). Dietary pretreatment with BNF was also reported to reduce 

the in vivo liver AFBj-DNA adduct formation by 54% 24 h after a single 

i.p. injection of AFBt (Whitham etah, 1982). BNF also altered the 

conjugation pathways of AFBj. The major conjugated metabolites in trout 

bile were AFL-M] and AFL glucuronides. AFL glucuronide dominated in 

control fish and AFL-M*) glucuronide dominated in BNF fed fish (Loveland 

etah , 1984). In trout, elevated liver glutathione transf erase activity 

(styrene-oxide as substrate) was found in the BNF (500 ppm) fed group 

(Bailey, 1982). 

Other fish of the family Salmonidae have also been tested for AFBj 

carcinogenesis, but not used in the Inhibition studies. The Pacific salmon 

(Genus Oncorhynchus) have shown to be resistant to AFBj (Bailey et ah , 
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1984). Coho Salmon (Oncorhynchus kisutch) have been reported to have 

twentyfold lower fn vivo binding of AFBj to liver DMA compared to rainbow 

trout (Whitham et ah ,1982). Exposure of trout embryos to 0.5 ppm AFB| 

solution for 15 mln produced a 62% tumor incidence 12 months later, 

whereas exposure of coho embryos to a similar solution for 30 min 

produced only an 11% incidence at 12 months (Bailey et ah, 1984). 

Salmon thus can give interesting information about metabolical differences 

which exist between a sensitive and a resistant animal model and perhaps 

provide ideas about pathways especially responsive to inhibitors of 

carcinogenesis in sensitive species. 

Aflatoxin-glutathlone conjugation In mammals 

Rat and mouse are the mammalian species in which GSH trans- 

ferase-catalyzed AFBj glutathione conjugation detoxification pathway has 

been most thoroughly studied. These two animals serve as good 

examples in which large differences in susceptibility toward AFBj toxiclty 

appear to reflect differences in glutathione conjugation. 

Raj etah (1975) reported that liver preparations from control 

albino rats did not catalyze the formation of AFBj-SG conjugate at a 

measurable rate. However, the microsomes and cytosol fraction from PB 

treated rats did catalyze formation of AFBj-SG, which was detected on 
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TLC as a blue fluorescence spot and which, after ninhydrin spraying, 

turned to purple. Rp-value for this compound was O.Z (solvent system, 

butanol:acetic acid:water,   2:1:1). 

This group also investigated AFBj-SG conjugation in vitro with liver 

preparations from rats treated with 3-methylcholanthrene (3MC), without 

success.   In vivo studies in rats showed that about 50% of an injected 

AFBj dose was eliminated in the bile mostly as polar non-extractable 

metabolites, among which the AFBj-SG was the main component (Degen 

and Neumann, 1978). An in vitro incubation in the presence of post- 

mitochondrial fraction of liver homogenates, obtained from PCB (Aroclor 

1254) pretreated animals, yielded, among others, the same AFBj-SG 

conjugate, 2,3-dihydro-2-(S-glutathionyl)-3-hydroxy aflatoxin Bj, 

which was obtained in in vivo studies. The structure of this AFBpSG 

conjugate has been extensively investigated, and using evidence obtained 

by amino acid analysis, mass spectrometry and    n.m.r. techniques, the 

structure is suggested to be as expressed above (Fig. 3) (Moss et al., 

1983; Coles etah, 1985). 

Mouse is less susceptible toward AFBj carcinogenesis than rat. 

Degen and Neumann (1981) came to the conclusion that the lower 

susceptibility of mice is not a result of less effective activation but rather 

of more effective inactivation of the toxic intermediate AFBj-2,3-oxide, 
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Figure 3. The structure of AFBj-SG conjugate (Moss eta/. 1983) 
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and especially inactivation through the glutathione conjugation of the 

epoxide. They found in their in vitro studies that mouse liver preparations 

had a potential for production of AFBj-2,3-oxide that is similar to that of 

uninduced or PB or PCB induced rat liver preparations. The mouse liver 

preparations, however, were 2 or 4 times more active in conjugating the 

epoxide with glutathione than those of untreated male or female rats, 

respectively. O'Brien et ah (1983) studied species differences to AFB| 

induced hepatotoxiclty in vitro using quail microsomes in all samples as a 

standard method of P-450 formation of AFBp2,3-ox1de.  Postmicrosomal 

supernatants of rat, mouse, guinea pig and human liver were then added 

to investigate the species differences in the formation of AFBj-SG con- 

jugate. The combination of quail microtomes with mouse supernatant 

produced almost exclusively AFBpSG, demonstrating high conjugating 

ability in the mouse supernatant. Mouse produced over ten times the 

amount of AFBj-SG compared with guinea pig and twelve times that 

produced by male rat. Female rat was shown to produce less AFBj- 

2,3-epoxlde, and was able to conjugate this reactive intermediate more 

effectively than male rat. Both observations support the finding that 

female rats are more resistant to the acute and chronic toxlcity of AFB^. 

The hypothesis that cytosolic GSH transferases play an Important 

role in modulating AFBj binding to nuclear DNA and hence AFBj carcino- 
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genesis in susceptible and resistant species has been strengthened by 

results obtained with hamster and rat (Raj et ah , 1984). Although in 

vitro the hamster liver microsomes were shown to catalyze AFBj binding 

to exogenous DNA three times as much as rat, hamster cytosoi was able 

to inhibit AFBpDNA binding catalyzed by microsomes severalfold more 

than the rat cytosoi. In a reconstituted system with endogenous DNA, the 

ratio of AFBj-SGtoAFBj-DNA binding was found to be 10-15 times higher 

with the hamster than with the rat. Ketterer et ah (1983) have pointed 

out, however, that according to their in vitro studies, GSM conjugation 

does not always compete effectively with AFBj adduct formation to DNA. 

They found also that 6SH transferase which catalyzes the conjugation 

reaction is itself only partially protected from attack. It has been 

suggested that the degree of inhibition of DNA binding of microsomally 

activated AFBj is probably determined by the relative affinity of the oxide 

for DNA compared with the Km of the GSH transferase for the oxide, since 

the ratio of these will be the most Important factor at the low con- 

centrations of oxide generated by the microsomal oxidation of AFBj 

(Coles etal., 1985). 

Interestingly, human liver cytosoi when incubated with quail 

microsomes to produce AFBp2,3-oxide, has shown little or no con- 

version to AFBj-SG. Another interesting feature reported about human 
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liver AFBj metabolism, is that epoxidation seems not to be a major path- 

way in the metabolism, and that more than 20% of AFBj is detected as 

AFQt (O'Brien etal% 1983). 

The specific GSH transf erase isozymes responsible for the AFBpSG 

formation in mammals have recently come under study. Using 

Cli-cellulose columns to separate different GSH transf erase isozymes, 

Neal and Green (1983)  showed that fractions containing GSH transf erase B 

(isozymes 1-1 and 1-2 according to the new nomenclature) were most 

effective in catalyzing the formation of the AFBj-SG conjugate, and that 

80% of the activity of rat liver cytosol was associated with this trans- 

f erase. Transf erases 3-3, 3-4, 4-4 and 5-5 showecl approximately 

equal, low activity. Ketterer et ah (1983) studied the AFBj-SG con- 

jugation with isozymes A (3-3), B (mixture of 1-1 and 1-2) and C (3-4) 

and found, in agreement with Neal's and Green's studies, that the mixture 

of isozymes 1-1 + 1-2 was most effective in producing AFBpSG. The 

isozymes 3-3 and 3-4 produced AFB-SG at a rate of 10% and 20% of the 

rate of 1-1 + 1-2 respectively. Recently this same research group 

obtained somewhat contradictory results in their study on the AFBj-SG 

formation catalyzed by seven soluble rat liver GSH transf erases. Only 

isozymes 1-1, 1-2 and 2-2 (old name AA), but not 3-3, 3-4, 4-4, 5-5, 

were active with microsomally generated AFB1-2,3-oxide.  Isozyme 1-1 
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showed the highest conjugation rate, the rate of 1-2 and 2-2 being about 

55-60% of the rate of 1-1 (Coles et ah, 1985). 

With the possible exception of AFBj metabolism In human liver, 

glutathlone conjugation Is shown to be an Important detoxification pathway 

for the biologically activated AFBf In mammalian species.  In mammals 

which have the ability to conjugate AFB| with 6SH, there seems to be a 

correlation between the ability to form AFB j-SG and the resistance 

toward AFB1 toxiclty and carcinogenicity, most resistant species showing 

highest AFBj-SG yields. GSH transferase 1-1 was shown to have the 
» 

highest catalyzing activity for AFBj-SG formation among the seven rat 

liver isozymes studied. 

Aflatoxin-glutathione conjugation in fish 

Glutathlone conjugation using AFBj as a substrate has not been 

studied directly in fish. The presence In fish of glutathione transf erase 

activity, multiple forms of the enzymes and glutathione conjugation - 

mercapturic acid formation pathways for detoxification similar to those in 

mammals have been reported. (Gregus etal.y 1983; Nlmmo etah, 1979; 

Parker etah, 1980,1981; Bauermelster etah, 1983). As discussed in 



37 

"Introduction", information about the extent of AFBj detoxification through 

giutathione conjugation is needed. 



38 

MATERIALS AND METHODS 

Chemicals 

AFB] was puchased from Sigma Chemical Company ( St. Louis, 

Mo.) and was checked for purity by TLC and U.V. (366nm) (solvent 

chloroform-acetone-water 88:12:1.5). Uniformally labeled 3H-AFBj (12 

Ci/mmol) was purchased from Moravek Biochemicals, Inc. (Brea, 
3 

California) and was checked for chemical and radiochemical purity by TLC 

(solvent: benzene-acetone-ethyl acetate 55:15:30) followed by 

radioscanning. AFL was synthesized by the method of Pawlowski et 

*/.(1977). AFM1, AFP1 and AFQ1 (Coulombe, 1983) as well as 

AFL-glucuronlde and AFL-Mj-glucuronlde (Loveland etah, 1984) were 

available from previous studies of our laboratory. Reduced glutathione 

(6SH), oxidized glutathione (6SS6), NADP, glucose-6-phosphate 

dehydrogenase,   glucose-6-phosphate,   1 -chloro-2,4-dimtrobenzene 

(CDNB), RNase A, RNase Tl, DNA, o-phthalaldehyde (OPT), 

B-naphthoflavone (BNF), and indole-3-carbinol (I3C) were purchased 

from Sigma Chemical Company (ST. Louis, MO).   Pronase was obtained 

from Calbiochem, Inc. (San Diego, CA.). Aroclor 1254 (PCB) was 

obtained from Monsato Chemical Company (St. Louis, Mo.). 
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Animals and diets 

Livers of 2-3 month old C 57 BL/J6 mice which had been fed 

commercial mouse chow and water ad libitum, were used in producing 

AFBi-SG-conjugate, and they were kindly provided by Dr. Kerkvliet of 

Oregon State University. Sixteen month old lit. Shasta strain rainbow trout 

(Salmo gafrdneri) and fifteen month old coho salmon (Oncorhynchus 

kisutcti) used in this study,  were spawned and raised in the Food 

Toxicology and Nutrition Laboratory at Oregon State University, 

(Sinnhuber, 1977). The control diet for trout was a semipurified casein 

diet (Oregon test diet «7); salmon were fed Oregon Brood Trout Ration 

(Coulombe, 1983), the same diets used in earlier comparative tumor 

studies (Appendix 2). For the trout inhibitor groups, 500 ppm BNF, 2000 

ppm I3C or 100 ppm PCB was included in the control diet for 3 weeks prior 

to sacrifice. For the in vitro study salmon were 34-120 g and for the in 

vivo study 44-184 g. Trout weighed 152-417 g and 216-416 g 

respectively. 

Chromatographic methods 

Lipophilic metabolites were chromatographed on precoated glass 
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plates (J.T. Baker Chemical Co., Phillipsburg, N.J.) using a 

chloroform-acetone-water 88:12:1.5 (v:v) solvent system. The solvent 

system for water-soluble metabolites consisted of diisopropyl ether- 

tertiary butanol-glacial acetic acid-water 75:25:70:30 (v:v). Metabolites 

were localized by their fluorescence under U.V.light (366 nm). Water- 

soluble metabolites were also localized by spraying the plate with 0.2% 

ninhydrin (1,2,3-indantrione-hydrate) In 95% ethanol and heating in oven 

at n0oCfor 5 minutes. 

HPLC was performed with a Waters Associated instrument (two M 

6000 pumps, U6K injector and M660 programmer) in the following 

systems: 

(1) pBondapak C,Q, isocratic 32% methanol in 0.05% acetic acid, 

(2) pBondapak Cjg, 0.01 M potassium acetate, pH 5.0-acetomtrile- 

methanol-tetrahydrofuran 85:9:12:2 - 75:13:17:3, linear gradient, 

(3) pBondapak c 18, isocratic, 0.01 M potassium acetate, pH 5.0-aceto- 

nitrlle-methanol-tetrahydrofuran 75:16:22:3, (Loveland et al., 1984). 

The flow rate in all cases was 1.0 ml/min and detection of af latoxin stan- 

dards and lipophilic metabolites was by U.V. at 345 nm and of hydrophilic 

metabolites by U.V. at 365 nm. Effluent fractions of 30 drops (~ 0.5 ml) 

were collected during HPLC runs/ Recovery of radioactivity Introduced 

onto HPLC was typically ~ 80% or greater. Delay time between U.V. 

detection and emergence at fraction collector was previously determined 



41 

to be approximately 30 seconds (Loveland, personal communication). 

Radioactivity determination 

Radioactivity was determined In a Beckman LS 7500 liquid 

scintillation counter. Samples were counted as duplicates. AH data were 

corrected for background and counting efficiency (H* method; Anon, 

1980). Protein precipitates (bound metabolites) in the in vitro 

experiment, liver homogenates and kidney homogenates in the in vivo 

experiment, were digested in NCS tissue solubilizer (Amersham, 

Arlington Heights, IL.), 4-6 parts NCS to 1 part sample, 3X by volume of 

glacial acetic add was added, and they were counted In OCS (Amersham) 

counting fluor. AH other samples were counted in ACS (Amersham). 

Preparation of subcellular fractions of mouse and fish livers 

The postmitochondrial supernatants (S-9) were obtained with a 

modification of the method described by Ames et ah (1973). All steps 

were performed at 0-40C with cold solutions and glassware.   Mice were 

killed with CO2 gas and livers were removed and weighed and kept on ice 

before homogenization. Three livers were pooled (mouse livers were 

approximately 1.5 g each) and washed in an equal volume of 0.15 M KC1, 

minced with a razor blade, and homogenized in two volumes of 0.15 M KG 
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in a Potter-Elvejhem apparatus by 6-8 passes of the teflon pestle. 

Homogenates were filtered through cheese cloth, then centrifuged at 

9,000g for 10 min. and the supernatant (PMF) was collected and 

distributed In 3 ml portions in small plastic tubes. The portions were 

quickly frozen in liquid nitrogen, and stored at -800C for later use. As 

required, S-9 fractions were thawed at room temperature and kept in ice; 

the unused portion was discarded at the end of the day. Protein content of 

the PMFs was determined by the Lowry method (Lowry etah, 1951). 

After two days of fasting, fish were killed by a cranial blow, their 

livers removed, weighed, perfused with ice cold saline (0.9%), and kept 

on ice until homogenized. Homogenization was performed with the same 

method as with mouse livers with the exception that the homogenates 

were centrifuged at 20,000g in case of fish livers for 10 minutes. The 

reason for using S-20 fraction of fish livers was that the S-20 fraction has 

been found to contain a significantly higher metabolic activity (P < .01) 

than the S-9 (Coulombe, 1983). 

Producing a standard 3H-AFBpSC compound 

The aflatoxin-glutathione conjugate (AFBj-SG) standard was 

produced using a modification of the method described by Degen and 

Neumann (1981). The amount of standard needed for this study 

(approximately 250 ug of 3H-AFB|-SG, specific activity 10-25 jiCi/jamol) 
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was obtained from three separate in vitro incubations (together 20 x 4 ml 

Incubations). The incubations contained 0.01 mM or 0.05 mM 3H-AFB1 

(1-2 uCi/ 4 ml mixture); sodium phosphate buffer 50 mM, pH 7.4; MgCl2 

3mM; KC1 60 mM; glucose-6-phosphate 3 mM; NAOP 0.4 mM; glucose-6- 

phosphate dehydrogenase 1 U/ml. Postmitochondrial supernatant was 

added to Incubations to give a final protein concentration of ~ 23 mg/ml. 

Protein was determined according to Lowry et ol. (1951). 6SH was 

supplemented to give a final concentration of 6 mM. All components of the 

incubation mixture were kept on ice before mixing. The mixture was 

shaken in open 25 ml flasks at 370C in the dark. The reactions were 

terminated after 40 min by addition of an equal volume (4 ml) of ice-cold 

methanol. The mixtures were then extracted 3 times with equal volumes 

(8ml) of chloroform. The chloroform fractions were pooled, concent- 

rated and redissolved in methanol (lipophilic metabolites). The aqueous 

phases were centrifuged, supernatant collected, and the protein precipi- 

tates (bound metabolites) were washed twice with 4 ml of water and twice 

with 4 ml of methanol. The combined supernatants  (hydrophlllc metabo- 

lites) were concentrated by roto-evaporatlon (350C)'' to remove the 

methanol before sample preparation for HPLC. The volumes of all 

metabolite fractions were measured and allquots of them as well as of 

the original Incubation mixtures were taken for determination of 

'' AFB1 appears to be very stable to heat, though not to light. 
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radioactivity by liquid scintillation countig (LSC). The recoveries of the 

original activity as well as the activities In the different fractions of three 

incubations are shown In Table 2. 

Table 2. Production of standard AFBpSG compound: Recovery of the 

original activity In lipophilic, hydrophillc and bound metabolites 

and their sum, total recovery. 

INCUBATION Percent recovery in different fractions ±S.D. 

 LIPOPHILIC HYDROPHILIC    BOUND METAB.        TOTAL 

1 25.7 ±   6.2       49.2 ±6.3      7.1 ±1.6 82.1 ±6.7 

2 32.5 ±    1.2       55.9±7.5       5.8±4.8 92.5±8.7 

3 53.5 ±11.5      38.3 ±4.3      4.1 ±0.3 95.8 ± 14.6 

Samples were prepared for HPLC using a modified method of 

Loveland et ah (1984). The fraction containing the water-soluble meta- 

bolites was applied to a CJQ Sep-Pak (Waters Assoc.) cartridge. The 

cartridge was washed with 10 ml 10Z methanol in water, 10 ml 38% 

methanol in water and finally with 10 ml 502 methanol in water. Aliquots 

of each eluate were taken for LSC. Total recovery of radioactivity from the 

Sep-Pak was generally 90-100% of the amount originally introduced. The 

38% methanol fraction, which contained most (generally 70% ) of the 

recovered radioactivity, was filtered and reduced to a small volume to 

remove the methanol and to concentrate the sample. The proposed 
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standard compound (major hydrophilic metabolite in mouse in vitro 

incubation, Degen and Neumann,  1981) was separated manually by HPLC 

using solvent system 1. Eluate fractions were concentrated by 

roto-evaporation (350C), volumes were measured and aliquots of each 

eluate were taken for LSC. Fractions containing the suspected standard 

were distributed in 200 jil portions in small glass tubes, and stored in 

-800C until used. 

The amino acid analysis of the proposed AFBj-SG conjugate was 

performed according to the procedure of Spackman ^^Z. (1958) as 

modified by Lee et ah (1979). Sample (2.05  nmol) was hydrolysed in 

vacuo in a sealed tube with 1 ml constant boiling HC1 at 110oC for 22 

hours. After evaporation of the acid by roto-evaporation at 350C, the 

sample was analyzed on a homebuilt plcomole range amino acid 

analyzer, fitted with a single Clenco 3.0 mm glass column, packed with 

25 cm of Oionex DC-4A resin. A four step sodium elution gradient was 

employed using Dlonex Hi-Phi sodium citrate buffers. Fluorescence was 

generated by a boroacetate solution of o-Phthalaldehyde (OPT) (Cronin et 

ah , 1979), and detected by a Gilson Spectra/Glo Fluoresence Detector 

using excitation and emission frequencies of 340 and 455 nm respectively 

(Becker, personal communication). Sample recovery was calculated by 

peak weight (triplicate peaks) and comparing the weights to the external 

standard (1 nmol) peak weights. 

Fast atom bombardment (with xenon atom ) mass spectrometry 
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was performed with a Kratos MS50TC spectrometer with inhomogeneous 

high mass magnet. A sample (approx. 8 jig, 13 nmol) of the proposed 

AFBj-SG was run on a copper target with a glycerol matrix and a small 

amount of 1 N HC1 added . The sample was dried on the probe (Griffin, 

personal  communication). 

In vivo metabolism studies 

Trout and salmon were fasted for 3 days, anesthesized with CO2 

gas, and injected i.p. with ^AFB, ( 49 yd, 50 ng/ kg fish in 22-208 nl 

95% ethanol). Fish were killed with a cranial blow 24 h after injection. 

Livers, kidneys and bile sacks were removed , livers were weighed, and 

all tissues were frozen in liquid N2 and stored at -800C until analyzed. 

Kidneys were thawed, weighed, and homogenized in 0.01 M KPO4 

buffer (pH 7.4) in a Potter-Elvejhem apparatus by 6 passes of the teflon 

pestle. The buffer volume was adjusted to a final volume of 10 ml. 

Aliquots of thoroughly mixed and suspended homogenates were digested 

with NCS tissue solubilizer in room temperature overnight, and 32 (by 

volume) of glacial acetic acid was added before LSC. The samples were 

counted In OCS counting fluor. 

Livers (salmon 0.34-1.87 g; trout 1.00-4.75 g) were homo- 

genized in buffer (0.25 M sucrose, 3 mM MgC^, 10 mM Tris, pH 7.2) to 
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give a total volume of 35 ml. Aliquots of the mixed homogenate were 

digested with NCS and counted in OCS as described above. Liver 

homogenates were filtered through cheesecloth, and nuclei were 

sedimented at tOOOg for 5 min. The nuclear pellet was resuspended and 

washed   in homogenization buffer with 0.5% Triton X-tOO and was 

centrifuged as above. The nuclear pellet was stored frozen (-50C). For 

ONA purification (Nixon et ah, 1984) approximately 1/3 of the thawed 

nuclear pellet was suspended in 0.75 ml 0.1 M NaCl, 50 mM EDTA, pH 

7.2  and vortexed. Cells were lysed by vortexing in an equal volume of 

lysis buffer (2% Na-dodecylsulfate, 12% Na-4-amino-salicylate, 2% NaCl, 

12%  2-biitanol) followed by shaking on a rotary shaker for 30 minutes. 

NaC104 (0.4 ml 5M), 0.75 ml of chloroform containing 4% isoamyl alcohol 

(I AC) and 0.75 ml 0.1 M Iris-saturated phenol were added to the tubes, 

and tubes were vortexed and shaken on a rotary shaker at 80C for 1 hour. 

After centrifugation at 3,000g for 20 min, the upper layer was extracted 2 

times with equal volumes of IAC. DNA was precipitated with 2 volumes 

cold 95% EtOH, washed and redissolved in 1.5 ml 0.1 M NaCl, 50 mM 

EDTA, pH 7.2 buffer. Ribonuclease (0.5 mg RNase A, 500 U RNase T1) 

was added, and incubated at 370C for 1 hour. Pronase was then added 

(95 Ml. 56 PUK), and the mixtures were Incubated at 370C for 2 hours. 

The NaCIO^-IAC-Tris-saturated phenol step was repeated followed by 

shaking on a rotary shaker for 1 h and centrifuged at 3,000g for 5 min. 

DNA was then extracted with IAC four times, precipitated in 2 volumes 
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cold EtOH, washed in cold EtOH and redissolved In 1 ml distilled water. 

Aliquots were hydrolyzed by heating 20 min in 0.5 M perchloric acid at 

700C, counted, and analyzed for ONA by the Burton method (Burton, 

1956). 

Bile samples were prepared for HPLC analysis with a modified 

method by Loveland £f d/.(1984). Bile sacks were punctured with 

scissors and the original volume was measured. Bile sacks were then 

rinsed with 0.01 M potassium acetate, pH 5.0. The pH of the bile with 

washings was adjusted to 5.0 using 0.05 M acetic acid. The volumes 

were measured and aliquots taken for radioactivity determination by LSC. 

Biles from two fish were pooled together before the Sep-Pak procedure. 

Appropriate portions (0.4 - 10.0 ml) of the bile in buffer were adjusted to 

\0% methanol and applied to a Cjg Sep-Pak (Waters Assoc.) cartridge. 

The cartridge was washed  and the HPLC samples prepared as described 

in "Separation of 3H-AFBj-SG by HPLC*. The metabolites in bile samples 

were separated by HPLC using  solvent system 2. The possible presence 

of AFBj-SG among the bile metabolites was examined by running the 

samples once alone and once with a 3H-AFBj-S6 spike. AFL-glucuronide 

and AFL-M]-glucuronide were used as additional  external standards. 

The radioactive elutlon profile was used to determine the relative amounts 

of different metabolites in bile samples. Two pooled samples from each 

fish group were analyzed. 
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In vitro metabolism studies 

The incubations in vitro wvcz performed with some modifications to 

the method by Degen and Neumann (1981). The following samples were 

included in this incubation: S-20 fractions from all 5 fish groups; mouse 

S-9 fraction; mixture of control trout S-20 and mouse S-9 (1/2 +1/2); 

control trout S-20 heat-inactivated by boiling in a waterbath for 10 

minutes; and water-blank. All Incubations were done In duplicate, at 

250C, in a final volume of 2 ml, and contained 0.02 mM, 2 uCi of 

3H-AFBj. In addition mouse S-9, control trout S-20, and a mixture of 

mouse and trout liver fractions were incubated at 370C. AH other 

components were as described above in " Producing a standard 

SH-AFBJ-SG compound ". The protein concentration of the incubation 

mixtures varied from 15 mg/ml to 23.8 mg/ml and this was taken into 

account when calculating the amounts of metabolites formed per gram of 

protein. The 40 min incubations were terminated,   the samples extracted, 

and the radioactivity of the three different fractions was determined,as 

described above. 

The hydrophilic metabolites of the samples were prepared for HPLC 

with a modified method by Loveland etal. (1984) (see "Producing a 

standard •'H-AFBpSG compound"). These metabolites were analyzed by 

HPLC using solvent system 2, and 3H-AFBj-S6 as standard. 
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AFL-glucuronlde and AFL-Mpglucuronide were also quantitatively 

determined, using standards prepared by P.M. Loveland (Loveland etaU 

1984). The lipophlllc metabolites from the in vitro Incubation were 

analyzed by HPLC using solvent system 3, with authentic AFBj, AFMj, 

AFQj, AFP| and AFL as external standards. The radioactive elutlon 

profile was used to calculate the amounts of different metabolites in the // 

vitro samples. 

Other assays 

The reduced glutathione content of trout and salmon livers were 

assayed by the fluorometric method of Hissfn and Hi If (1976). The same 

livers used to prepare the subcellular fractions (S-20) for in vitro 

incubation were also used as samples for GSH content determination. 

Liver samples (trout, 250 mg; salmon, 125 mg) were excised from 

perfused livers. Samples from 3 fish were pooled together to give one 

batch, and frozen in liquid nitrogen and stored at -800C until assayed. 

Three batches of each fish group were analysed for GSH. A 750 mg 

portion of thawed tissue (in the case of salmon, half of the quantities 

apply) was homogenized on ice using a teflon pestle (6-8 strokes). The 

solution used for homogenization consisted of 11.25 ml phosphate-EDTA 

buffer (pH 8.0) and 3.0 ml 25% HPO3, which was used as a protein 
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precipitant. The total homogenate was centrifuged at 40C at 100,000g for 

30 min. The supernatant was removed and used for the GSH assay. To 

0.5 ml of the 100,000g supernatant, 4.5 ml of the phosphate-EDTA 

buffer, pH 8.0, was added. The final assay mixture (4.0 ml) contained 

100 Ml of the diluted tissue supernatant,3.8 ml of phosphate-EDTA buffer, 

and 100 jil of the OPT solution, containing 200 jig of OPT. After thorough 

mixing and incubation at room temperature for 15 min, the solution was 

transferred to a quartz cuvette. Fluorescence at 420 nm was determined 

with the activation at 350 nm with an Aminco SPS-125 spectrofluorometer. 

GSH was determined as duplicates. A linear standard curve was obtained 

using 0.05-0.5 jig GSH/4 ml of assay mixture. Blanks contained 3.9 ml of 

buffer and 100 jil of the OPT solution. 

GSH transferase activities of the livers of control fish were 

determined by the method of Habig etah (1974), using 1-chloro-2,4- 

dinitrobenzene as substrate. The S-20 fractions for in vitro incubations 

were used as starting material for the GSH transferase assay. 

Immediately after the centrifugation (20,OOOg for 10 min) the supernatant 

was removed and centrifuged at 105,OOOg for 60 min. The lipid layer was 

removed using Q-tips, and the supernatant was frozen in liquid nitrogen 

and stored In -80oC for later use.  The assay mixture contained 2.8 ml 

lOOmM KPO4 buffer, pH 6.5, 50 \x\ 60 mli GSH in KP04 buffer and 100 ul 

30 mM CDNB In 95% ethanol. This mixture was kept at 250C before the 

reaction. The reaction was started by adding 5-10 jil» or 100 jil, of 
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S-105 supernatant for trout or salmon respectively. The blank contained 

all other reagents but not the S-105 supernatant, and the absorbance of 

the blank was subtracted from the samples. Reactions were conducted In 

quartz cuvettes with a Varian DMS 100 U.V.-visible spectrometer using 

OS-15 Command Station and a program for enzyme activity determination 

(kinetics program).   The absorbance change was monitored at 340 nm 

for 1 minute. The enzyme activity was calculated from ^^Q =9.6 

mM-lcm-l, and for 3 ml cuvette AAxO.313 = umoles/min. Two liver 

batches from each fish group were assayed and each batch was run as 

triplicates. 

Statistical analysis of the data 

The homogenity of variances between group means was 

determined by F-test. The results were analysed comparing the group 

means of salmon group and trout diet groups to the trout control group 

using Student's t test, if the variances of the group means showed 

homogenity, the degree of freedom used was df=nj+n2-2. If the 

variances were heterogenious df=n-l was used (nj^) (Gad & Weil, 

1982). 
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RESULTS 

Identity of the aflatoxln-glutathlone conjugate standard 

The major polar metabolite obtained from in vitro incubations, 

using mouse liver S-9 fractions as a source of glutathione transferase, 

was separated by HPLC using solvent system 1. The X max for the 

AFBpSG conjugate Is at 365 nm (Moss et al., 1983). This wavelength 

was used In the HPLC runs and the conjugate peak was visible In the 

UV-chart. Because tritlated AFBj was used in the incubations, the 

proposed conjugate was detected by radioactivity profile (Fig. 4) in 

addition to UV-detection.  The HPLC retention time for the major compound 

was 20 min with system 1. The AFBj-SG conjugate has been found to be 

the major water-soluble metabolite in mouse in vitro incubations (Degen 

and Neumann, 1981). The major peak and suspected conjugate was then 

subjected to TLC with solvent system described in the section "Materials 

and methods". On TLC analysis the conjugate gave a single fluorescent 

spot (blue), which was also ninhydrin-positive, (Rp 0.17). Rp values 

obtained for 6SSG, GSH and AFBj in the same solvent system were 0.11 

and 0.35 and 0.78 respectively. The AFBj-SG has been reported to give 

a blue fluorescent spot which when stained developes to a faded purple 
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Figure 4. HPLC of water-soluble AFBj metabolites of mouse liver, 

in vitro. The diagram shows the the radioactivity counted in 

the fractionated effluent. The proposed 3H-AFBpS6 conjugate 

had a retention time of 20 min (system 1). 



55 

color (Raj et al., 1975, Moss et al., 1983). With the same solvent 

system as used here, a Rp value of 0.28 has been reported with Rp 0.78 

for AFBj (Degen and Neumann, 1978). The difference between the Rp 

value obtained In this study and the value reported by Degen and Neumann 

is caused most likely by differences in chromatography materials and 

experimental conditions. 

The result of amino acid analysis of the conjugate is presented in 

Table 3. The result Is consistent with the conjugate containing equimolar 

ratios of glutamic acid and glycine. The third amino acid of the glutathione 

molecule, cysteine, is oxidized to cysteic acid in the amino acid analysis 

process and partially lost in the analysis. Approximately 57% of the 

cysteine of the analysed compound was recovered as cysteic acid, which 

can be considered as a high recovery for cysteine. The recoveries of 

glutamic acid and glycine were 79% and 88% respectively, based on 

^H-AFBI specific activity and total tritium hydrolyzed. 

Table 3. Amino acid analysis of AFBpSG conjugate 

Glutamic acid      Glycine      Cysteic acid        Glu/Gly molar ratio 

(nmol) (nmol) (nmol) 

1.61 1.81 1.16 1 : 1.12 



56 

Evidence for the structure of the isolated compound as an AFBpSG 

conjugate was also obtained from its fast atom bombardment mass 

spectrum (Fig 5). It has to be noted here that due to problems in the 

calibration of the mass spectrometry instrument, the m/e values over 

100 are 1 number smaller than the m/e value of a protonated ion should 

be. This was found by comparing the mass spectrum of the isolated 

compound with the mass spectrum of the blank for the sample. Taking this 

into account, the features which support the AFBpSG structure are: 

- The mass spectrum shows a parent ion (m/e 635, Fig 5),which 

corresponds with the molecular weight of AFBj-SG conjugate (635). 

- Two major fragments of AFBpSG conjugate when the S-C-bond between 

glutathione and aflatoxin molecules is broken are present in the 

spectrum. The ion at m/e 306 agrees with the glutathione molecule 

minus a hydrogen atom (MW of glutathione is 307). The ion at m/e 328 

corresponds to an AFBj-0H+ ion, having a positive charge at the 

2-posltlon and an OH-group attached to the 3-positlon, according to the 

structure obtained in n.m.r. studies by Moss et al. (1983). 

As an inconsistency of this spectrum it can be pointed out that the ion 

which would correspond with the parent ion minus 18(18 = water 

molecule) is not present or detectable from the background in the 

spectrum. A mass spectrum of the AFB|-SG has been published by Moss 

et al. (1983). They obtained with field-desorptlon mass spectrometry an 
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abundant parent ion (m/e=636), which is in agreement with the molecular 

weight of a protonated AFBj-SG molecule. The differences between the 

mass spectra by Moss et al. and the one obtained in this study appear to 

reside in the use of different mass spectrometry techniques and dis- 

similar sample quantities. 

The combined results presented above provide evidence that the 

separated polar metabolite was an AFBpSG conjugate and was suitable 

for use as a standard in the fish experiments. 

In vivo metabolism studies 

Fish, liver and kidney weights and bile volumes of the fish used in 

the In vivo experiment are shown in Table 4. Although the fish were the 

same age, the salmon were significantly smaller than control trout. Be- 

cause of the smaller size, liver and kidney weights and bile volumes were 

also significantly smaller in salmon than in control trout. However the li- 

ver weight/fish weight ratio and bile volume/ fish weight ratio did not differ 

between salmon and control trout group (Table 5). The kidney weight/ 

fish weight ratio was larger in salmon than in control trout. The average 

weight of BNF pre-fed fish was 20% more than the average control trout 

weight. Liver and kidney weights and bile volumes between BNF group and 

control group did not differ from each other. No differences were found 

compairing I3C or PCB pre-fed trout with the control trout group. 
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Table 4. Fish, liver and kidney weights and bile volumes of the fish used 

in the in vivo experiment. 

Fish group         F1sha)        B11ea) Liver3 > Kidney3 > 

(g)         (ul) (g) (g) 

Salmon,  C^     109 ±51*     179 ±  50* 1.06 ±0.54* 0.46 ±0.23* 

Trout, C1*       290 ±47      439 ±121 2.87 ±0.92 1.00 ±0.21 

Trout, BNF2)    349 ± 38*     362 ±  69 3.52 ±0.69 1.13 ±0.34 

Trout, I3C3)    309 ±50      391 ± 131 2.95 ±0.73 1.14 ±0.32 

Trout, PCB4>    309 ±79      417 ±141 2.62 ±1.15 1.04 ±0.28 

*' Denotes means that are different (P<.05) from trout controls using 
Student's t test, 

a) Average ± S.D. (n=9 in all fish groups, except n=6 in trout PCB) 

Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 



Table 5. The liver weight/fish weight, kidney weight/fish weight and 

bile volume/fish weight ratios of the fish used in the in vivo 

experiment. 
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Fish group 

Weight/weight or weight/volume ratios 

Liver7fishb>   Kidney/fisha >     Bile/f1sha> 

(%) (%) (Ml/g) 

Salmon, C1) 0.97 0.41* 1.64 

Trout, C15 0.99 0.35 1.51 

Trout, BNF2) 1.01 0.32 1.04* 

Trout, I3C3) 0.96 0.37 1.27 

Trout, PCB4) 0.85 0.34 1.35 

*' Denotes means that are different (P<.05) from trout controls using 
Student's t test. 

a) Average (n=9 in all fish groups, except n=6 in trout PCB) 
b) Average (n=6 in all fish groups) 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm 6-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 
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Table 6 shows the percentage of dose (49 jiCi, 50 ug ^H-AFBj/kg fish) 

recovered in bile, liver and kidney of salmon and trout after 24 hours. 

The average total recovery of the dose ranged between 10.2- 31.5%, 

being lowest in salmon and highest in trout fed BNF or PCB. Salmon 

showed significantly less activity in bile and liver than the control trout, 

which Indicates slower AFBj metabolism during the first 24 hours after 

injection. The difference in bile metabolite levels, has been shown to 

dissappear 4-6 days after AFBj exposure (Bailey, unpublished results). 

The recovery results are in agreement with previous studies in that 

the inhibitor diets enhance AFB] metabolism and excretion to bile 

(Loveland et al., 1984; Goeger et al., 1985; Shelton et al., 1985). The 

dose recovered In bile was significantly higher In BNF, I3C and PCB fed 

trout compared to controls. The elevation of excretion to bile is 

accompanied by reduced dose recovered in liver, which was significantly 

lower in BNF and I3C fed trout compared to control trout. The recovery of 

injected AFBj was low in kidney in all groups. This does not, however, 

exclude kidney and urine as a potentially important excretion route for 

AFBi» because urine was not collected in this study and the amount of 

dose excreted via urine is unknown in this experiment. Ayres (1969) 

reported 50% of dose excretion in 12 hours via urine, half of that 

consisting of intact AFB j. 
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Table 6. Recovery of radioactivity in bile, liver and kidney of salmon and 

trout injected with SHAFBJ . (Injected dose 49 jiCi, 50 jig AFBj/ 

kg fish). 

Fish group       Percentage of dose recovered after 24 h 

Bile3) Liverb) Kidney3 > 

Salmon, C1* 3.1±3.0* 6.4±1.3* 0.7±0.3 

Trout, C1* 9.8 ±3.4 12.3 ±3.2 0.6 ±0.2 

Trout, BNF2) 23.9 ±8.3* 7.0 ±1.7* 0.3 ±0.2* 

Trout, I3C3) 13.5±3.7* 7.5±l.5* 0.5±0.2 

Trout, PCB4) 20.8 ±6.7* 10.0 ±2.2 0.7 ±0.3 

*' Denotes means that are different (P<.05) from trout controls using 
Student's t test 

a) Average ± S.D. (n=9 in all fish groups, except n=6 in trout PCB) 
b) Average ± S.D. (n=6 in all fish groups) 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 
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The hepatic AFBpDNA binding 24 hours after ^H-AFBj injection is 

presented in Table 7. The approximately twentyfold lower AFBpDNA 

binding in salmon compared to control trout is consistent with the known 

resistance of salmon toward AFBj carcinogenicity. A twentyfold lower 

AFB ] -DNA binding in coho salmon compared to rainbow trout has been 

reported before by Whltham et al. (1982). Fish pre-fed I3C showed 

significantly lower AFBj-DNA binding compared to controls, which is in 

agreement with results reported before (Nixon et al., 1984; Goeger et 

al., 1985). The DNA binding was decreased also in trout fed BNF, which 

has been shown before (Whitham et al., 1982), but the difference was 

not statistically significant, because of a large variation in DNA binding in 

control trout group. No difference was detected In AFBj-DNA binding 

between PCB pre-fed trout and control trout. This is consistent with the 

finding that AFB j -DNA adduct formation /n vfvo during the first 24 hours 

post AFB) injection In PCB fed fish is the same, or even higher than in 

controls, although over a longer period adduct levels In control fish 

exceed those of PCB fish by 30%-50% (Shelton et al., 1985). 

Bile samples were prepared for HPLC analysis by treatment on a 

C18 Sep-Pak cartidge. Samples were applied and initially washed with 10% 

methanol In buffer, which resulted In elution of 2% of the radioactivity and 

retention of the aflatoxin metabolites. Washing with 38% methanol in buffer 
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Table 7. AFB1-DNA binding in liver. 

Fish group Average binding ± S.D.a^ 

(pmol AFBI/jjg DNA)(pmol AFBl/umol DNA) 

Salmon, C 1) 

Trout, C1* 

Trout, BNF2) 

Trout, I3C3) 

Trout, PCB4) 

0.01 ±0.002' 

0.23 ±0.11 

0.14 ±0.06 

0.07 ±0.03* 

0.23 ±0.08 

3.0 ± 0.6' 

69.3 ±34.2 

42.6± 17.1 

22.2 ± 9.9* 

68.7 ±24.0 

*)  Denotes means that are different (P<.05) from trout controls using 
Student's t test 

a)  n=6 
Diets fed for 3 weeks prior to Injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm 1ndole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 
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resulted In elution of 92% of the radioactivity. Final washing with 50% 

methanol eluted approximately 5% of the radioactivity. The radioactive 

elution profile of a control trout sample is shown In Fig 6. Each bile 

sample was Injected once alone and once with a spike of AF6-SG standard 

produced in vitro with mouse liver S-9 fraction. 

AFB-SG conjugate had a retention time of 7.5 minutes in system 2. 

The two major conjugates identified in bile samples were 

AFL-Mpglucuronlde (tei=10 min) and AFL-glucuronide (te|=26 min). 

Table 8 gives the percentages of AFBpSG, AFL-Mpglucuronide and 

AFL-glucuronide in the HPLC profile. The average pM concentrations of 

these conjugates in bile in the five fish groups are shown in Fig. 7. 

AFBpSG conjugate was not detected in salmon, or in trout pre-fed 

with PCB. In the other trout groups the amount of this conjugate was under 

1% of the recovered polar metabolites In HPLC. The highest AFBj-SG 

concentration in bile was in control trout, 0.07 jiM. The major metabolite 

In the coho salmon and rainbow trout fed control diet was 

AFL-glucuronide, and in trout fed Inhibitor diets, AFL-Mj-glucuronide 

(Fig 7). The change In AFBj metabolites when Inhibitor diets were fed, 

namely the increase of AFL-Mj-glucuronide excretion, is consistent with 

findings by other Investigators. Also the reduction of AFL-glucuronide 

excretion in trout pre-fed BNF and PCB but not in trout fed I3C has been 
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Figure 6. HPLC of AFBj metabolites in bile of control trout. The diagram 

shows the radioactivity counted in the fractionated effluent. 

Sample (38X Sep-Pak eluate) was injected first alone and then 

with a 3H-AFBpSG standard spike. The retention time of the 

AFBj-SG conjugate was 7.5 min (system 2). 
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Tabled. AfiatoxinBj-glutathione conjugate, aflatoxicol-Mpglucuronide 

and aflatoxicol-glucuronide in bile, 24 hours after injection. 

Fish group       Percentage of each metabolite in the HPLC profile3 ^ 

AFBpSG^ AFL-Mrgc) AFL-gd) 

(%) (%) (%) 

Salmon,  C1^               ND 4.2 ±1.6 86.7 ±1.4 

Trout, C1* 0.9 ±0.8 15.9 ±2.9 62.9 ±3.1 

Trout, BNF2) 0.1 ±0.1 87.9 ±0.5 2.8 ±1.7 

Trout, I3C3) 0.1 ±0.1 54.6 ±7.7 36.2 ±6.7 

Trout, PCB4)               ND 69.3 ±6.0 18.2 ± 5.3 

ND = Not detected 

a) Average ± range/2 (n-2; 2 biles were pooled to form one sample) 
b) AFB|-S6 = Afiatoxin B |-glutathione conjugate 
c) AFL-Mpg = Aflatoxicol-Mj glucuronide 
d) AFL-g = Aflatoxicol glucuronide 
Diets fed for 3 weeks prior to Injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carblnol 
4) Control diet + 100 ppm Aroclor 1254 
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Figure 7. The jimol concentration of AFBpSG, AFL-Mrglucuronide and 

AFL-glucuronide in bile of coho salmon and rainbow trout. 
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previously reported  (Loveland et al., 1984; Goeger et al., 1985; Shelton 

etal., 1985). 

The analysis of the bile metabolites showed that AFB|-SG con- 

jugation in liver is a minor detoxification mechanism in coho salmon and 

rainbow trout in vivo. Excretion by other routes (gill, urine, feces) 

remains to be examined. 

In vitro metabolism studies 

As a first attempt to correlate the results obtained in the in vivo 

metabolism studies, an in vitro incubation similar to that used in 

production of 3H-AFB1-SG conjugate standard with mouse liver S-9, was 

performed with salmon and trout liver subcellular fractions. The in vitro 

experiment was also performed using as a positive control mouse liver 

fractions, which during this study had already shown to be able to 

catalyze AFBj-SG conjugate formation. These in vitro metabolism results 

must be considered only as preliminary results, because the total 

recoveries of hydrophilic metabolites were very low, apparently as a 

result of selective losses of AFL-glucuronide during HPLC preparation of 

polar fractions. For the experimental protocol, see the corresponding 

section in "Materials and methods". 

Recovery of 3H-AFB| from the incubation with heat-inactivated trout 
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liver fraction was 77.9% . The sum of unreacted AFBj together with 

lipophilic, water-soluble and bound metabolites initially recovered in all 

samples was in the same range (77.5 ± 4.3% ). The relative recovered 

dose In these fractions In all 12 samples Is shown In Fig. 8 and Table 9. 

The amount of unreacted AFBj was determined by HPLC from the 

chloroform extractable metabolites in the incubation. Sample *8 

(heat-inactivated trout liver S-20 fraction), and sample #9 (water blank) 

contained close to 100% unreacted AFB1 which was expected of samples 

without active enzymes. 

Most metabolism was found in BNF trout (*3), PCB trout (#5), 

control trout in370C (*11), mouse samples (*6 and #10), and mixtures 

containing control trout and mouse liver subcellular fractions (#7 and 

#12). In all these samples, unreacted AFB] was less than 50% of the 

recovered dose. The amount of lipophilic metabolites was highest in BNF 

trout (#3), PCB trout (#5), (both of which had AFM j as a major lipophilic 

metabolite ,F1g. 9), and in control trout incubated in 37 0C (having AFL 

as a major lipophilic metabolite). There were clearly more polar 

metabolites recovered in the samples which contained mouse liver 

fractions alone (#6, #10) or with control trout liver fractions (#7, #12). 

The fish samples converted less than 10% of the AFBj dose to polar 

metabolites. The amount of bound metabolites was slightly higher in fish 

samples than in mouse samples, salmon having the highest relative dose 
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Table 9. The relative recovered amount (%)a> as unreacted AFBj+ lipophilic 

metabolites, polar metabolites, and bound metabolites with in vitro incu- 

bation of subcellular liver fractions from coho salmon, rainbow trout and 

mouse. 

Sample Unreacted AFBj+ Polar Bound 

lipophilic metabolites     metabolites    metabolites 

Salmon, C^.ZS^ 

Trout, C^.ZSOC 

Trout, BNFZ>,Z50C 

Trout, I3C,3\Z50C 

Trout, PCB4),250C 

Mouse, C^.ZS^ 

Trout/mouse, C, 2 5 0C 

Trout,HI5),250C 

Water blanlc,250C 

Mouse, C, 37 0C 

Trout, C, 370C 

Trout/mouse, C, 37 0C 

73.5 

80.5 ±0.002 

79.5 ±0.1 

84.1 ±0.1 

80.6± 0.6 

54.1 ±3.8 

48.0± 0.4 

97.6 ±0.1 

98.5 ±0.1 

53.6 ± 0.5 

86.4 ±0.4 

40.3±2.3 

8.6 

7.2±0.1 

9.3± 0.5 

6.1 ±0.3 

8.3±0.2 

39.9 ±3.2 

44.7 ±0.3 

1.8± 0.1 

1.5±0.1 

40.6 ±0.03 

7.3±0.1 

52.7± 1.5 

17.9 

12.3±0.2 

11.2 ±0.4 

9.8±0.2 

11.1 ± 0.8 

6.0± 0.6 

7.3±0.7 

0.6 ± 0.03 

0 

5.8 ± 0.5 

6.3±0.1 

7.0± 0.8 

a)   Average ± range/2 (n=2) for all, but for salmon (n=1) 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm lndole-3-carblnol 
4) Control diet + 100 ppm Aroclor 1254 

5)    Heat-inactivated sample 
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recovered as bound metabolites. 

There was unreacted AFBj (approximately 20-65% of the original 

dose) detected in all in vitro incubations. A possible reason could be the 

denaturation of factors which activate AFBj (MFO enzymes) during the 

incubation. Croy and Wogan (1981) showed that mouse microsomes 

become inactive after 20 minutes of incubation in an in vitro system 

measuring covalent DMA binding of AFBj, but fresh addition of more 

microsomes restored AFBj activation. 

Figure 9 and Table 10 show the recovery of llpophilic metabolites 

(pmol/g prot.) separated by HPLC. On TLC the following RF values were 

obtained with the lipophilic samples: AFMj, 0.10; AFPj, 0.18; AFQ^, 

0.28; AFL, 0.50; AFB1, 0.56. Of the lipophilic metabolites AFQ1 was 

detected only in mouse samples (#6 and #10). AFPj another typical AFBj 

metabolite for mouse, was also found in these studies.The metabolites 

found to be typical for AFBj metabolism in trout (Bailey et al., 1984), 

AFMj and AFL, were the major metabolites in the fish samples detected 

here. 

The water-soluble metabolites were prepared for HPLC as 

described In "Materials and methods". Using tritiated AFBj-SG.tritiated 

AFL-Mpglucuronide and AFL-glucuronide as external standards, the 
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Table 10. Recovery of lipophilic metabolites AFQj, AFMj, AFPj and AFL 

(pmol/g protein)3' separated by HPLC 

Sample AFQ, AFM, AFP, AFL 

4.8 18.4 

5.5 ±0.001 222.7 ±0.02 

3.7±0.01 67.9±0.1 

4.3±0.01 124.1 ±0.2 

5.8 ±0.04 165.7 ± 1.2 

9.1±0.6 3.1±0.2 

28.5 ±0.3 56.9 ±0.5 

ND ND 

ND ND 

Mouse,C,370C              13.0 ±0.2   25.9 ±0.3     64.7 ±0.8 2.9 ±0.04 

Trout, C, 370C             ND                   9.4 ±0.01      6.8 ±0.01 490.2 ±0.6 

Trout/mouse,C,37 0C   ND                 51.0 ±3.0     48.3 ±2.8 32.7 ±2.0 

ND= not detected 
a)   Average ± range/2 (n=2) for all, but for salmon (n=1) 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm 6-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 

5) Heat-inactivated sample 

Salmon,  C^^C ND 6.8 

Trout, C]\250C ND 4.0 ±0.001 

Trout, BNF2>,250C ND 371.0±0.5 

Trout, I3C,3),250C ND 31.6±0.1 

Trout, PCB4),250C ND 249.7± 1.8 

Mouse, C'^^C 16.9± 1. ,1    16.9±1.3 

Trout/mouse, C, 25 0C ND 35.9 ±0.3 

Trout,HI5),250C ND ND 

Water b1ank,250C ND ND 
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amount of these compounds was determined by LSC from the fractions 

collected from the HPLC eluate. Unfortunatelly during the preparation of 

these water-soluble fractions for HPLC, a major part of the radioactivity 

was lost, apparently through absorbtion. The combined recovery 

obtained from the Sep-pak procedure, the concentration of the sample by 

roto-evaporation, filtering the sample, and HPLC was approximately 20- 

50X of the initial dose, and was higher for the mouse samples than in the 

fish samples. 

The percentage of recovered AFBj-SG, AFL-Mj-glucuronide and 

AFL-glucuronide in the HPLC profile is presented in the Fig. 10 and Table 

11. The recovered amounts as pmol/g protein of these metabolites are 

shown in Fig. 11 and Table 12. In mouse samples 60-70% of the recovered 

activity resulted from AFBj-SG conjugate. In incubations with mouse liver 

fractions no detectable amounts of AFL-Mpglucuronlde or AFL-gluc- 

uronide was formed. The combining of control trout S-20 fraction with 

mouse S-9 fraction did not inhibit the formation of AFBj-SG conjugate, 

which indicated that there is no inhibitor activity for AFB-GSH conjugation in 

trout that could explain the low level of this reaction in the fish. The 

typical feature in the metabolism of BNF and PCB prefed fish shown in v/w 

and invitroy that the major water-soluble conjugate formed is AFL-Mp 

glucuronide (Loveland et al., 1984; Shelton et al.f 1985), was found 

also in this study. 
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Table 11 .The percentage (%)*' of recovered polar metabolites AFBj-SG, 

AFl-Mpglucuronlde, and AFL-glucuronlde In the HPLC profile 

Sample AFBpSG AFL-Mrg. AFL-g. 

Salmon, c'^ZS^ 4.1 3.5 5.8 

Trout, C]\Z50C 4.3 4.8 2.8 

Trout, BNF2\250C 2.8 36.9 3.1 

Trout, I3C,3),250C 5.4 5.5 1.9 

Trout, PCB4),250C 3.3 20.8 4.9 

Mouse, C]\Z50C 66.3 ND ND 

Trout/mouse, C, 25 0C 44.8 ND 4.5 

Trout, HI5),250C 3.4 ND ND 

Water blank,250C ND ND ND 

Mouse, C, 37 0C 57.5 ND ND 

Trout, C, 370C 10.8 ND 1.7 

Trout/mouse, C, 37 0C 49.2 ND 4.1 

ND= not detected 
a)   n=1, pooled from Incubation duplicates 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm S-naphthoflavone 
3) Control diet + 2000 ppm lndole-3-carblnol 
4) Control diet + 100 ppm Aroclor 1254 

5) Heat-inactivated sample 
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Table 12. Recovery of the polar metabolites AFBj-SG, AFL-Mpglucuronide, 

and AFL-glucuronide (pmol/g protein)3^ separated by HPLC 

Sample AFBpSG AFL-Mpg.       AFL-g. 

Salmon, C1J,250C 2.8 2. 4 • 4.0 

Trout, C]\250C 1.6±0.02 1. 7±0. .02 1.0±0.02 

Trout, BNF2),250C 1.5±0.1 20. 3± 1. .17 1.7±0.1 

Trout, I3C,3),250C 1.1 ±0.04 1. 1 ±0. .04 0.4 ±0.02 

Trout, PCB4),250C 1.8 ±0.04 11. 4±0< .3 2.7±0.6 

Mouse, C]\250C 204.8 ±16.7 NO ND 

Trout/mouse, C, 2 5 0C 156.6 ±0.8 ND 15.7±0.1 

Trout,HI5),250C 1.0 ±0.04 ND ND 

Water blank,250C - - - 

Mouse, C, 37 0C 175.8 ±0.5 ND ND 

Trout, C, 370C 2.8 ±0.03 ND 0.4 ±0.01 

Trout/mouse, C, 37 0C 180.7 ± 5.1 ND 15.0±0.4 

ND= not detected 
a)  Average ± range/2 (n=2) for all, but for salmon (n=l) 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 

5) Heat-inactivated sample 
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The procedure used here needs to be Improved. It can be done by 

spiking the samples with glucuronide standards to evaluate recoveries at 

different steps of the experiment. Also the use of a positive fish control, 

which In a trout GSH conjugation study could be acetaminophen (Parker et 

al., 1981), should be included to the experiment. 

Despite the low general recovery and poor recovery of AFL- 

glucuronide, the moderate recovery of AFBj-SG, shown with mouse 

samples, can be considered acceptable. The results Indicate that the 

AFBj-SG conjugation is not a major conjugation reaction in vitro in coho 

salmon nor in rainbow trout. 

Liver glutathlone content and glutathione transferase activity 

Table 13 gives the results of the liver GSH concentration and GSH 

transferase activity. Salmon showed a lower GSH concentration 

compared to trout fed a control diet. Trout pre-fed a diet containing 500 

ppm BNF for 3 wk had elevated (P<.05) GSH concentration when 

compared to control trout. Bauermeister et al. (1983) have reported 

trout liver glutathione concentration of 1.8 mmol/kg tissue. GSH 

concentration obtained in this study was slightly higher, 2.9 mmol/kg 

tissue, but could be due to a different assay method and different fish 

material. Using our same trout strain and same fluorometric GSH assay, 

Dalich and Larson (1985) have reported a GSH concentration of 869 pg/g 



Table 13. Concentration of reduced glutathione and liver glutathione 

transferase activity (1 -chloro-2,4-dinitrobenzene as 

substrate). 
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Fish group GSHa) GSH transferase3) 

(mmol/kg) (Mmol/min/mg prot.) 

Salmon, c') 1.98 ±0.27* 0.30 ±0.05* 

Trout, C1) 2.87 ±0.30 1.15±0.10 

Trout, BNF2) 3.58 ±0.25* 1.87±0.71 

Trout, I3C3) 2.30 ±0.26 0.91 ±0.03 

Trout, PCB4) 2.45 ±0.16 1.12±0.04 

* Denotes means that are different (P<.05) from trout controls using 
Student's t test 

a) Average ± range/2 (n=2 for GSH transf erase activity; n=3 for GSH) 
Diets fed for 3 weeks prior to injection: 
1) Control diet 
2) Control diet + 500 ppm B-naphthoflavone 
3) Control diet + 2000 ppm indole-3-carbinol 
4) Control diet + 100 ppm Aroclor 1254 
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tissue which is equal to 2.8 mmol/kg tissue, being similar to the 

concentration obtained in this experiment. 

GSH transf erase was measured using 1-chloro-2>4-d1n1trobenzene 

as substrate (Table 13). The activity of salmon liver GSH transf erase was 

significantly lower than the trout liver enzyme activity. The GSH 

transf erase activity of the BNF pre-fed fish was elevated, but due to the 

large variation, it was not statistically significant. The enzyme activity of 

salmon was similar as reported before for brown trout (0.34 jimol/mln/ 

mg protein at 25 0C) and as has been observed for sea trout (Nimmo et 

al., 1979). For rainbow trout, higher GSH transf erase activities have 

been reported, although with a fair amount of variation. Nimmo et al. 

(1979) reported, GSH transf erase activity about 1.4 umol/mln/mg protein 

and Bauermeister et al. (1983), 0.5 ± 0.4 jjmol/mln/mg protein 

(average ± SD). BNF and I3C have been reported to enhance GSH 

transferase activity in mouse liver (Sparnins et al., 1982). In rainbow 

trout GSH transferase activity (styrene-oxide as substrate) has been 

reported to be elevated when the fish are pre-fed with a diet containing 

BNF (Bailey et al., 1982). Comparisons between GSH transferase assays 

performed using different substrates are, however, hard to make, 

because the assays may have measured the activity of different GSH 

transferase isozymes. 

Both GSH levels and GSH transferase activities are responsible for 

modulation of AFBj-SG conjugation and AFBpDNA binding in rodent 
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models. Studies using dietary protein or diethylmaleate depletion to 

modulate GSH levels showed that AFBj-DNA binding or AFB1 toxicityin 

these animals is inversely correlated with hepatic GSH levels (Lotlikar et 

al., 1984; Raj et al., 1984). The low GSH level and GSH transferase 

activity detected in salmon in this study does not support the hypothesis 

that salmon could be more effective In detoxifying AFBj through GSH 

conjugation. Only in the case of trout fed BNF is there any suggestion of 

induction of this pathway by these in vitro assays. 
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DISCUSSION 

The purpose of this study was to determine the degree of AFBj 

detoxification through glutathlone conjugation In bile of rainbow trout and 

coho salmon. A related aim was to investigate whether differences in 

resistance toward AFBj carclnogeniclty of coho salmon, or trout fed 

inhibitors BNF, I3C and PCB, compared to trout fed a control diet may be 

explained by differences in AFBpGSH conjugation. Comparative results 

from rodent models support the hypothesis of an important role of 

glutathlone conjugation In AFBj detoxification. 

In vivo metabolism of AFBj in salmon and trout indicated that the 

amount of AFBpSG conjugate formation was less than 1% of the recovered 

water-soluble bile metabolites in trout fed control, BNF or I3C diet. In this 

study AFBj-SG conjugate formation was not detected In salmon and PCB 

fed fish at all, although higher doses may have provided a detectable 

level of the conjugate formation. If it is assumed that most of the AFBj-SG 

conjugate is excreted via bile, and if the percent recovery of the original 

dose Is taken Into account, the average amount of original AFBj dose 

recovered as AFBpSG conjugate would be 0.18%, 0.03%, and 0.02% for 

trout fed control, BNF and I3C diet respectively. Even though only about 
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IX of the original AFBj dose binds covalently to DNA, these levels of 

giutathlone conjugation could have only a minor impact on detoxification of 

the ultimate carcinogen. The AFBj-SG conjugation level obtained in this 

study Indicates that this detoxification mechanism In liver Is a minor 

pathway in inhibition of AFBj carcinogenecity both in coho salmon and 

rainbow trout. 

A factor which could affect metabolism in these fish was the use of 

CO2 in anesthesia of the fish. However, the rates of formation of other 

metabolites in this study are consistent with results obtained in studies in 

which chemical anesthesia with tricaine methane sulfonate has been used. 

This indicates that CO2 anesthesia may not have severely affected the 

AFB1 metabolism in the fish studied. In the future, the use of electrical 

anesthesia, which would probably have fewer side effects on fish 

metabolism, should be considered when handling large fish (Gunstrom 

and Bethers, 1985). 

The resistance of coho salmon toward AFB j carcinogenicity was 

supported in this study by significantly lower hepatic AFB j -DNA binding 

compared to control trout. However results obtained in this study 

demonstrate that this resistance to AFBj carcinogenicity and lower DNA 

binding are not explained by a difference in AFBpSG conjugation. The 
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significantly lower liver glutathione transferase activity and glutathione 

content detected in salmon compared to control trout were also 

contradictory to the hypothesis of this study. The fact that salmon and 

trout are fed different control diets (see Appendix 2), could be one 

reason for different AFBj metabolism. It has been shown that feeding an 

unrefined diet (commercial rat chow) to mice alters the activities of 

metabolizing enzymes (Sparnins et al.,  1982). However, Coulombe et 

al. (1984) reported that they have been unable to demonstrate any 

differential effect on liver mixed function oxidase activities by the two diets 

fed to salmon and trout. More importantly, the control diets fed trout and 

salmon in my study were the same as those used in fish tumor studies 

(Bailey, 1984), so the diet fed probably is not a determining factor. 

Salmon do not thrive or tolerate the trout control diet formula. 

The total recovery of AFBj 24 hours after i.p. injection from bile, 

liver and kidney of salmon was only 50% of that detected in control trout. 

This might indicate a lower level of general AFBj metabolism, and a lower 

level of AFBj activation by MFO enzymes to the proposed ultimate 

carcinogen AFBp2,3-epox1de. This is supported by the observation 

(Bailey, unpublished results) that maximum bile AFB) metabolite levels 

are similar in trout and salmon, but are reached at 4-6 days after AFBj 

injection in salmon, compared to 1-3 days in trout. 



88 

One possible route for 6SH conjugate excretion which was not 

investigated in this study is AFBj-conjugate excretion via urine. Studies to 

elucidate this part of the AFBj metabolism are under way in our 

laboratory. The first step in mercapturic acid formation from a 6SH 

conjugate, the cleavage of the glutamic acid moiety of GSH, involves the 

gamma-glutamyltranspeptidase enzyme. The activity of this enzyme has 

been studied in trout, and it has been found that only kidney and intestinal 

caeca have substantial gamma-glutamyl transpeptldase activity with 

gamma-glutamyl-p-nltroanilide (2-9 nmol/min/mg prot) (Bauermeister 

et al., 1983). In trout liver the activity of this enzyme was < 0.1 

nmol/min/mg protein with the same substrate. This could indicate that 

kidney is Involved In the excretion of the GSH conjugate. Ayres (1969) 

studied combined gill plus urine excretion of AFB1 in trout and found that 

excretion in 12 hours accounted for 50% of the i.p. injected dose and half 

of this consisted of intact AFBj. 

In vitro metabolism of AFBj showed a threefold relative amount of 

bound metabolites (18%) in coho salmon and twofold (12%) amount in 

control trout and trout fed inhibitor diets compared to mouse (6%). The 

product formed by epoxide hydrase, AFBj-dihydrodiol, is a reactive 

compound and can bind to proteins. It would be possible to hypothezlse, 

according to the in vitro metabolism results obtained, that the function of 
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epoxide hydrase might be more important in fish than mouse in AFBj 

metabolism. The importance of epoxide hydrase in AFBj detoxification is 

yet to be determined. 

AFBj metabolism in rainbow trout seems to differ in detail from 

AFBj metabolism in rodent models, with AFL and AFMj being the major 

lipophilic metabolites in these fish. The formation of polar metabolites 

AFL-glucuronide and AFL-Mpglucuronlde has been demonstrated  to be a 

major detoxification route of AFBj via bile in these fish (Loveland et al., 

1984). The metabolites of salmon fed control diet are qualitatively similar 

to control trout. The pattern of formation of these metabolites in fish fed 

carcinogen inhibitors BNF, I3C, and PCB detected in this study was 

consistent with other studies done using these inhibitors (Loveland et al., 

1984; Goeger et al., 1985; Shelton et al., 1985). This study 

demonstrated that the feeding of these inhibitors did not enhance GSH 

conjugation of AFBj in trout. 

The information obtained In this study could be summarized by 

modifying Figure 2. presented in "Literature review" to a new form 

showing the major known and suspected reactions of AFBj In rainbow 

trout and coho salmon (Fig. 12). Such a scheme would ignore the minor 

contribution, less than 1%, of AFBj-SG to total bile conjugate in trout and 

salmon. 
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Figure 12. The major known and suspected reactions of AFBj in rainbow 

trout and coho salmon liver. 
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AFB1 

AFM, 

AFP 1 

AFQ 1 

SH-AFBj 

AFL 

AFL-M, 

GSH 

DNA 

GSSG 

RNase A 

RNase T| 

OPT 

BNF 

I3C 

PCB 

AFBpSG 

SH-AFBpSG 

DMSO 

EDTA 

IAC 

CDNB 

GST 

AflatoxInBj 

Af latoxin M ^ 

Af latoxin P j 

Af latoxin Q j 

Tritiated af latoxin B j 

Aflatoxicol 

Aflatoxicol-M^ 

Glutathione (reduced form) 

Deoxyribonucleic acid 

Glutathione (oxidized form) 

Rlbonuclease A 

Ribonuclease T^ 

o-Phthalaldehyde 

B-naphthoflavone 

lndole-3-carbinol 

Polychlorinated biphenyl (Aroclor 1254) 

Z.S-dihydro-Z-tS-glutathionyD-S-hyd- 

roxy-AFB ^ 

Tritiated 2,3-dihydro-2 (S-glutathionyl )- 

S-hydroxy-AFBj 

Dimethyl sulfoxide 

Ethylenediaminetetraacetic acid 

Isoamyl alcohol : chloroform (1:24) 

1 -chloro-2,4-dinitrobenzene 

GSH transf erase,  glutathione transf erase 
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PB 

SMC 

BHA 

AFBpZ.S-epoxIde 

AFB i -dihydrodiol 

TLC 

HPLC 

PMF 

S-9 

S-20 

S-105 

LSC 

IUPAC 

IUB 

MFO 

Phenobarbital 

3-Methylcholanthrene 

2 (3 )-tert-Butylhydroxyanisole 

Af latoxin B ^ -2,3-epoxide 

2,3-dihydro-2,3-dihydroxy-AFB ] 

Thin leyer chromatography 

High performance liquid chromatography 

Postmitochondrial fraction 

PMF obtained by centrifugation with 9000g 

PMF obtained by centrifugation with 20,000g 

Postmicrosomal fraction obtained by centri- 

fugation with 105,000g 

Liquid scintillation counting 

International Union of Pure and Applied 

Chemistry 

International Union of Biochemistry 

Mixed function oxidase 

Michaelis Menten constant 



104 

APPENDIX 2 

Table 14. Control fish diets: a) Oregon Test Diet #7, fed to trout, 
b) Oregon Brood Trout Ration, fed to salmon 

a) Oregon Test Diet » 7 

Ingredient m 
Casein 58.0 
Gelatin 8.7 
Dextrin 7.1 
Mineral mix 4.0 
Carboxymethyl  cellulose 1.0 
alpha-Cellulose 8.2 
Choline chloride (70 Z) 1.0 
Vitamin mix* 2.0 
Fish oil (salmon or herring) 10.0 

*) See Sinnhuber et al., 1977 

b)  Oregon Brood Trout Ration (Coulombe, ,   1984) 

Ingredient (%) 

Herring meal 45.0 
Crab meal 2.0 
Oat meal 6.0 
Tapioca starch 3.0 
Vitamin mix 1.5 
Pacific shrimp 33.0 
Choline chloride 0.5 
Herring oil 7.0 
BHA:BHT(1:1) 0.04 


