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Abstract

Rainbow trout (Oncorhynchus mykiss) are an outstanding model of liver cancer induction by
environmental chemicals and development of strategies for chemoprevention. Trout have critical
and unique advantages allowing for cancer studies with 40,000 animals to determine dose-
response at levels orders of magnitude lower than possible in rodents. Examples of two promoters
in this model, the dietary supplement dehydroepiandrosterone (DHEA) and industrial chemical
perfluorooctanoic acid (PFOA), are presented. In addition, indole-3-carbinol (13C) and
chlorophyllin (CHL) inhibit initiation following exposure to potent human chemical carcinogens
(e.g., aflatoxin B1 (AFB1). Two “EDgg;” cancer studies have been conducted, utilizing
approximately 40,000 trout, by dietary exposure to AFB4 and dibenzo[d,e,f,p]chrysene (DBC).
These studies represent the two largest cancer studies ever performed and expand the dose-
response dataset generated by the 25,000 mouse “EDg;” study over an order of magnitude. With
DBC, the liver tumor response fell well below the LED1 line, often used for risk assessment, even
though the biomarker (liver DBC-DNA adducts) remained linear. Conversely, the response with
AFB; remained relatively linear throughout the entire dose range. These contributions to
elucidation of mechanisms of liver cancer, induced by environmental chemicals and the
remarkable datasets generated with EDgg; studies, make important contributions to carcinogenesis
and chemoprevention.

Introduction

Rainbow trout have been utilized as a model for human cancer, especially liver cancer, at
Oregon State University (OSU) for over 40 years (reviewed in Bailey et al., 1996; Walter et
al., 2008). This species demonstrates a remarkable sensitivity to the mycotoxin and potent
human liver carcinogen, aflatoxin By (AFB1). Our group has demonstrated that the
mechanism of cytochrome P450 bioactivation to AFB4-8,9--exo-epoxide, and production of
the potent mutagenic and carcinogenic DNA adduct 8,9-dihydro-8-(N7-guanyl)-9-
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hydroxyaflatoxin By, is similar in trout and mammals (Bailey, 1994, Bailey et al., 1996;
Nunez et al., 1990). In addition, there are other similarities to human AFB1-initiated liver
cancer including Ki-ras mutations, histopathology and alterations in gene expression (Fong
et al., 1993; Hendricks et al., 1984a; Tilton et al., 2005). Although a great deal of the focus
has been on AFB as the initiator, other classes of human carcinogens requiring metabolic
activation including nitrosamines, 1,2-dibromoethane, 2-acetylaminofluorene and polycyclic
aromatic hydrocarbons (PAHS) such as benzo[a]pyrene (BaP), dibenzo[a,l]pyrene (DBP)
and 7-12 dimethylbenz[a]anthracene (DMBA) are effective in the trout model, as are direct
acting carcinogens such as N-methyl-N'-nitrosoguanidine (MNNG) (Bailey et al., 1996;
Hendricks et al, 1985; 1995; Kelly et al., 1992 Walter et al., 2008)

Over the years liver cancer, initiated by environmental chemicals, has been demonstrated in
this model to be subject to either inhibition or promotion by the addition of dietary
supplements to our specially developed semi-synthetic diet, the Oregon Test Diet (OTD)
(Lee et al., 1991). Among the environmental chemicals that promote liver cancer in trout
are, other mycotoxins such as fumonisin, polyhalogenated biphenyls (PCBs) and other aryl
hydrocarbon receptor (AHR) ligands such as B-naphthoflavone (BNF), promoters of
oxidative stress (e.g., t-butylhydroperoxide, hydrogen peroxide, carbon tetrachloride and
choline deficiency) and even elevated rearing temperature (Bailey and Hendricks, 1988;
Bailey et al., 1996; Carlson el al., 2001; Curtis et al., 1995; Fong et al., 1988; Walter et al.,
2008; Williams et al., 2003). Estrogens, xenoestrogens, and phytoestrogens are liver tumor
promotors in this model (Nunez et al., 1988; 1989; Williams et al., 1998). The examples
presented here, dehydroepiandrosterone (DHEA) and perfluorooctanoic acid (PFOA), both
appear to function as liver tumor promoters via estrogenicity (Benninghoff et al., 2011a;b;
Orner et al., 1995;1996a;b; 1998). With respect to chemoprevention of AFB1-initiated liver
cancer, it is interesting to note that BNF, PCBs, and indole-3-carbinol (I13C), when
administered in the diet prior to and concurrent with carcinogen exposure, inhibit
tumorigenesis in contrast to promotion when given long-term post-initiation (Bailey and
Hendricks, 1988; Bailey et al., 1996; Goeger et al., 1988; Nixon et al., 1984; Orner et al.,
1998; Shelton et al., 1986).

I13C, a major component of cruciferous vegetables and a popular dietary supplement, is
chemopreventive against cancer in a number of animal models (Aggarwal and Ichikawa,
2005). Owing to the power of statistical analysis when using large numbers of animals, we
have documented the relative potency of I3C as an inhibitor and promoter of cancer across a
wide dose-range of carcinogen doses (Bailey et al., 1991; Dashwood et al., 1990; 1988;
1989a). Further analysis of alterations in gene expression using custom microarrays (Tilton
et al., 2006) has documented that 13C is a phytoestrogen in the trout and this appears to
partially explain its promotion of hepatocarcinogenesis when given post-initiation
(Oganesian et al., 1999; Tilton et al., 2006). 13C acts, at least in part, as a blocking agent
when given prior to and concurrent with the carcinogen by induction of phase | and phase Il
enzymes that metabolize and detoxify the procarcinogen (Dashwood et al., 1988; 1989a;
Nixon et al., 1984).

Trout were the first animal model in which chlorophyllin (CHL) and natural chlorophylls
(Chl) were demonstrated to be anticarcinogens (Breinholt et al., 1995a). Further study of the
mechanism of CHL and Chl chemoprevention showed that complexation with carcinogens
containing planar aromatic structure reduced bioavailability (Breinholt et al., 1995b;
Hayashi et al., 1999). CHL was shown to be effective in a human clinical trial in Qidong,
China where dietary exposure to AFB1 is high (Egner et al,. 2001). CHL, given over a 4
month period, reduced the urinary biomarker of AFB; exposure, aflatoxin-N’-guanine, by
55% (Egner et al., 2001). Subsequently, a study led by Dr. George Bailey at OSU, in
partnership with Dr. Kenneth Turteltaub at Lawrence Livermore National Laboratory,
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examined the impact of CHL and Chl on [14C]-AFB; bioavailability in humans (Jubert et
al., 2009).

Finally, results from two “EDgqg;” studies will be presented. These studies each employed
more than 40,000 animals and determined the shape of the dose-response curve down to
levels less than 1 tumor per 1,000 animals. These studies were done with two different
classes of environmental chemicals classified as human carcinogens, the PAH, DBC
(previously referred to in the literature as dibenzo[a,l]pyrene or DBP) and AFB;. These
studies represent the two largest chemical cancer datasets ever produced and have the
potential to be very valuable in risk assessment. The DBC study has been published in its
entirety (Bailey et al., 2009) as have partial results from the AFB; study (Williams et al.,
2009) which, although complete, has not yet been published.

Materials and Methods

As this paper represents a synopsis of a number of studies, this section will describe how
trout cancer studies employed various methods of carcinogen exposure and dietary
administration of tumor modulators. The experimental design of the EDgg; studies will also
be described.

Tumor studies with dietary inhibitors and promoters

Rainbow trout (Oncorhynchus mykiss, Mt. Shasta strain) were spawned and raised at the
Sinnhuber Aquatic Research Laboratory (SARL). This facility was equipped with 300 3-4
ft. diameter tanks capable of growing out trout for the typical 10-12 month cancer studies at
which time the trout would weigh between 100 and 150 g. Constant flowing well water (12—
14°C) was used for rearing and the trout kept on a 12 hour light/dark cycle. Embryos were
obtained from 2 or 3 year old trout which spawned either in summer or winter. This species
normally spawns only in the winter but we built a special “reverse photoperiod” room which
allowed us to spawn these fish in the summer as well. Other modifications we made were
utilization of custom-built silos containing 16,000 Ibs of activated charcoal for filtration, and
a UV sterilizer. In order to reduce the flow required we also equipped the tanks with air
blowers and stones for maximal oxygen saturation. The trout were also protected from
potential mortality due to interrupted water flow due to power outage by equipping the
facility with natural gas generators that would automatically engage in case of an
interruption in power to the facility.

Trout have been exposed to carcinogens employing a number of strategies (Table 1). We,
and others, have utilized embryo exposure by immersion or microinjection (Dashwood et al.,
1994; Hendricks et al., 1984a; Metcalf and Sonstegard, 1984; Sinnhuber et al., 1977).
Microinjection can also be effectively performed at the sac-fry stage. Fry were usually
acclimated to OTD prior to administration of OTD containing the test material (carcinogen,
chemopreventive agent or promoter). Hydrophobic compounds were typically added to the
fish oil component of the diet prior to mixing and hydrophilic compounds added to the water
fraction. In the design for studying chemopreventive, or blocking agents, diets containing
the test compound would typically be fed for 1-2 weeks prior to feeding diets containing
both the test compound and the chemical carcinogen for various periods of time. When
dietary agents were being tested as potential tumor promoters, they would be administered
in diet following treatment with the carcinogen, often until the study was terminated (10-12
months of age). At the conclusion of the study, trout would be euthanized with an overdose
of buffered MS-222 and a gross necropsy performed. All procedures for the rearing,
treatment and handling of these animals were approved for every study by the OSU
Institutional Animal Care and Use Committee. Tissues were fixed in Bouin’s solution and
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histopathology performed by Dr. Jerry Hendricks according to criteria he has developed and
published over the years (Hendricks et al., 1984b).

The EDgg; studies were performed in quartiles of approximately 10,000 so that the time for
necropsy would not exceed approximately 1 month (this ensured that age/growth would not
impact the results). The statistician, Dr. Clifford Pereira, also developed a system for
randomizing the trout to be euthanized by tank and dose so as to eliminate this potential
confounder. Dr. Pereira also used statistical modeling to determine how many tanks/animals
we would need per dose and for the controls (approximately 10,000 for the controls and
lowest carcinogen dose, see Figure 1). DBC or AFB; were administered in the diet for 4
weeks and then the animals switched to OTD for the remainder of the study. In this way, the
trout EDgp; study design differs from rodent carcinogen tests which are usually lifetime
exposures. Quality control was performed with diet to ensure that the actual dose was close
to the target dose. A sub-sample from each dose would be removed at the conclusion of
carcinogen exposure to access a number of biomarkers (DNA adducts, cell proliferation,
apoptosis, etc.).

Results and Discussion
The DHEA story

DHEA is found in most animals at high levels. In humans, it is the steroid found in blood at
the second highest concentration (mostly as the 3p-sulfate). Interestingly, levels of DHEA
decline with age in humans which, in part, explains the public interest in marketing this
supplement as an anti-aging compound ( Bauleiu, 1996). DHEA can be converted in one
enzymatic reaction to an androgen and then, following the action of aromatase, estrogen.
This also explains, in part, why it has been marketed as a “natural” libido enhancer (for both
sexes) (DHEA “After Dark”, Barth Vitamin Corp.) and as an alternative to hormone
replacement therapy for post-menopausal women. Our initial interest in testing DHEA in the
trout tumor model was borne out of the observation that in rodents DHEA was also a
peroxisome proliferator and hepatocarcinogen (Rao et al., 1992a; b). As trout had been
shown to be similar to humans in being resistant to peroxisome proliferation by compounds
such as clofibrate and WY 14,643 (Orner et al., 1995) we were testing the hypothesis that
DHEA would not be a peroxisome proliferator in this model and would fail to produce liver
cancer. We were somewhat surprised to find that, although DHEA did indeed fail to cause
peroxisome proliferation in trout liver, it effectively promoted AFB1- or MNNG-initiated
liver cancer (Orner et al., 1995; 1996a; b; 1998). Clofibrate and WY 14,643 did not induce
peroxisome proliferation nor did they promote liver cancer in trout (Orner et al., 1995).
Subsequent experiments documented that the mechanism of DHEA promotion of
hepatocarcinogenesis was due to it estrogenic properties (Benninghoff, 2011a; Orner et al.
19964; Tilton, et al., 2008). Although these studies generated some interest in the public, the
risks implied from our studies for supplementation with DHEA for long periods of time with
respect to liver damage where largely ignored by regulatory agencies and discounted by
supplement manufactures’ (“it’s a fish!). In this case, we tried to make the argument that
“this fish” may be a better model than rodents for determining the human health risks
associated with long-term high-dose DHEA supplementation.

The PFOA story

PFOA is a member of a class of chemicals known as polyfluorinated chemicals (PFCs) and
have been widely used in industry as surfactants, coatings for textiles and papers fire-
retardants and even in food packaging (Fromme et al., 2009). As a result, along with the
resistance to biodegradation and metabolism, PFCs are found in blood samples from a high
percentage of the population (Fromme et al., 2009). PFOA and PFOS (the sulfate of PFOA),
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have been assayed at levels of 4 and 20 ppb, respectively. Levels in wildlife and
occupationally exposed humans can be much higher sometimes approaching ppm levels
(Calafat et al., 2007; Emmet et al., 2006). Our interest in testing PFOA as a potential tumor
promoter in the trout model originated in the same fashion as for DHEA as PFOA has been
demonstrated to be a liver tumor promoter in rats (Lai, 2004). We found that, as with
DHEA, post-initiation treatment with dietary PFCs (100-2000 ppm) resulted in tumor
promotion and the mechanism was independent of peroxisome proliferation and appeared, in
part, to be due its ability to function as a xenoestrogen in this model (Benninghoff, 2011a;
b). We found a number of PFCs, including PFOA, to be relatively weak ligands for trout
liver estrogen receptor (ER) compared to the natural ligand (ICsq for displacing 3H-B-
estradiol (E2) of 1.8 mM, compared to E2 (14 nM). Comparison of this binding affinity also
showed that PFOA was similar in potency to the phytoestrogen 13C (see below) and
xenoestrogen 4-nonylphenol (0.8 mM) and considerably weaker than the well-characterized
phytoestrogen genistein (1 uM). Nevertheless, PFOA (and other PFCs) were documented to
bind to human ERa and activate estrogen receptor ERa-dependent transcription
(Benninghoff et al., 2011a). Docking studies showed that a number of PFCs, including
PFOA, fit well into the ligand binding site for ERa (Benninghoff et al., 2011a). The blood
levels of PFOA measured at dietary exposures, resulting in effective promotion of AFB1- or
MNNG-initiated liver cancer, are in the uM range, 3—4 orders of magnitude higher than
blood levels found in the general population (Calafat et al., 2007; Fromme et al., 2009;
Kannan et al., 2004). Does this mean PFCs are unlikely to be an environmental health risk?
One has to take into account that the blood level and tumor promotion data in trout were not
a lifetime exposure, some wildlife and humans living near industrial sites have blood levels
at least an order of magnitude higher than the general population and, importantly, evidence
indicates that this effect is probably additive. Using custom microarrays for trout, we found
a number of PFCs altered the liver transcriptome in a manner consistent with natural
estrogens (E2, DHEA) and phytoestrogens (13C) although VVenn diagrams demonstrated
some distinct differences (Tilton et al., 2008). This work, carried out primarily by Dr. Abby
Benninghoff (now at Utah State University) was the first comprehensive study of a wide
range of PFCs in a single species and documented that this important class of industrial
environmental contaminants were capable of activating ER-dependent transcription and
were promoters of liver cancer. This dataset should be of considerable value to regulatory
agencies and, again, showed the value and versatility of the trout tumor model.

The 13C story

I13C is present in cruciferous vegetables as glucobrassicin which is hydrolyzed by the
enzyme myrosinase producing 13C as the major product (McDanell et al., 1988). A number
of laboratories have studied the chemopreventive properties of 13C for a number of years in
various animal models and in human clinical trials (Aggarwal and Ichikawa, 2005; Reed et
al., 2005). One of the often overlooked issues with this natural dietary component and
supplement is that the study of 13C is really a study of mixtures. 13C, taken orally, rapidly
undergoes acid-catalyzed polymerization reactions to form a complex mixture of dimers,
trimers and tetramers as well as other derivatives (Bjeldanes et al., 1991). In fact, relatively
little parent compound appears to be absorbed from the Gl tract following dosing of animals
or humans (Anderton et al., 2004; Dashwood et al., 1989b; Reed et al., 2006; Stresser et al.,
1995). As in mammalian cancer chemoprevention models, I13C fed to trout prior to
administration of the carcinogen AFB1, acts as a blocking agent most likely through
induction of glutathione-S-transferases (GSTs) with high activity toward conjugation and
inactivation of the AFB1-8,9-exo-epoxide (Aggarwal and Ichikawa, 2005; Stresser et al.,
1994). Our group was the first to demonstrate that long-term, post-initiation, dietary 13C led
to enhancement of liver cancer (Bailey et al., 1987) and we performed studies with large
numbers of animals in efforts to determine the mechanism of promotion and the relative
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risk/benefit of dietary 13C (Oganesian et al., 1999). 13C and a major acid condensation
product, 3,3-diindolylmethane (DIM, also sold as a supplement), were found to be
phytoestrogens (Oganesian et al., 1999; Shilling and Williams, 2000; Shilling et al., 2001;
Benninghoff and Williams, 2008; Benninghoff et al., 2011a). Subsequent studies in a rat
model demonstrated that post-initiation promotion of liver cancer by 13C as not limited to
the trout (Xu et al., 2001). With respect to 13C, the trout model, again, made important
contributions to human health by documenting the potential risk of high dose, long-term
exposure.

The CHL and Chl story

CHL, the water soluble, copper-containing derivative of Chl, had been documented to be
anti-mutagenic but it was first demonstrated to be an effective anti-carcinogen in the trout
model (Breinholt et al., 1995a). Inhibition of carcinogen-DNA adduction in the trout liver
tumor model suggested that chlorophylls could also be anticarcinogens (Harttig and Bailey,
1998). Natural chlorophylls were later confirmed to function as dietary inhibitors of
hepatocarcinogenesis in vivo with the trout model and also in the rat (Simonich et al., 2007;
2008). Physical complexation with the carcinogen, resulting in reduced bioavailability,
appeared to be a significant mechanism for this chemoprevention (Breinholt et al., 1995b;
Hayashi et al., 1999). Dr. George Bailey participated in a study in China led by Drs. Tom
Kensler and John Groopman at Johns Hopkins University where co-administration of CHL
significantly reduced a urinary biomarker of AFB4 exposure and toxicity (Egner et al.,
2001). Dr. Bailey then conducted a study with human volunteers at OSU in collaboration
with Dr. Ken Turteltaub at Lawrence Livermore National Laboratory. Due to the sensitivity
of accelerator mass spectrometry, it is possible to do a fairly complete bicavailability/
elimination kinetics study with only 5 nCi of [14C]-AFB;. With the specific activity
available, this amounted to a mass of around 30 ng, less than an exposure obtained from
eating a single peanut butter sandwich. The results convincingly documented that co-
treatment of individuals with CHL or Chl and AFB; significantly reduced the area under the
curve (AUC) and thus exposure (Jubert et al., 2009). Dr. Bailey has been able to perform the
first tumor modulation studies with Chl (prohibitively expensive if obtained commercially)
by development of a counter-current-chromatography method to efficiently purify Chl from
spinach (Jubert and Bailey, 2007). Sufficient Chl was obtained to not only perform the
human volunteer study but to do a dose-dose matrix design experiment with Chl and the
carcinogen DBC in 12,000 trout (McQuistan et al., 2011) as was previously done with CHL
(Pratt et al., 2007). These studies emphatically demonstrate the value of the trout model as it
played a significant role in development of CHL (and perhaps Chl) as a cancer
chemopreventive agent for humans. This was truly an example of translational research.

EDgg; studies: how trout took cancer risk assessment to the next level

The relatively low cost of rearing trout, the large capacity of our facility and the low
spontaneous (historically about 0.1%) tumor background in rainbow trout (among other
advantages), encouraged us to undertake the two largest chemical cancer studies ever
performed in an animal model. A total of 40,800 trout were utilized in an “EDgqg;” study
with dietary exposure to DBC for a period of 4 weeks. A typical design of a trout EDggq
study is shown in Figure 1. A number of trout are sampled following carcinogen exposure to
measure various biomarkers. The remaining trout were reared to approximately one year of
age and then necropsied followed by histopathology for tumor confirmation as previously
described (Bailey et al., 2009). The DBC doses (ppm in OTD diet) and number of animals
necropsied (in parentheses) were 0 (8,363), 0.45 (8,848), 1.27 (6,429), 3.57 (4,535), 10.1
(1,558), 28.4 (1,211), 80 (931) and 225 (541); again, performed in quartiles from 4 separate
spawnings over 2 years. The complete description and results of this study have been
published (Bailey et al., 2009). A few of the very significant findings that came from these
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studies with potential major impacts for regulatory agencies, are as follows: 1) the study
actually exceeding the target of a EDggq Study and was able to determine the dose of DBC
resulting in 1 additional cancer in 5,000 animals (EDggq2); 2) the shape of the dose-response
curve, analyzed by a number of statistical models, sharply deviated from the Linear
Extrapolated Dose (LED) line with the response increasing falling below the LED; line
with decreasing dose; 3) as a consequence, the extrapolated dose-response curve crossed the
y-axis at 1 cancer in 10° at a dose 500-1500-fold (depending on the statistical model) higher
than would have been predicted from the LED1q (Bailey et al., 2009) and 4) the biomarker
commonly used to estimate carcinogenic potency, covalent DBC-DNA adducts, remained
linear with dose (Bailey et al., 2009). As the exposure or dose of a carcinogen that would be
predicted to cause 1 additional cancer per million individuals is often used for risk
assessment, the default LEDq extrapolation would have predicted a dose three orders of
magnitude lower than indicated by the actual tumor data.

A second “EDgg1” study was designed and undertaken, this time with AFB; as the
carcinogen. The experimental design was similar to the DBC study (Figure 1). A great deal
more risk assessment with AFB; as a carcinogen, as well as determination of human
exposures, has been done; DBC is not often studied individually and many of the regulatory
standards are based on BaP. A plot of AFB1-DNA adducts versus dose is linear for both rats
and trout and the slopes are almost identical (Bechtel, 1989). If the LED is used to estimate
potency, one gets a value of 6.25 x 10~ ng/Kg/day (Eaton and Gallagher, 1994). The
average daily intake of AFB; in peanuts alone in the Southeastern U.S. is listed as 110 ng/
Kg (Eaton and Gallagher, 1994). Using these numbers, it was estimated that AFB; alone
should produce about 98/100,000 cases of hepatocellular carcinoma (HCC), approximately
20-fold higher than all of the HCC diagnosed annually in the U.S.(Eaton and Gallagher,
1994). The doses utilized in the AFB; EDgg; study were 0, 0.5, 1.2, 3.0, 7.4, 18.2, 44.8 and
110 ppb given in the diet for 4 weeks. The data have not as yet been peer-reviewed. The
quartiles exhibited slightly greater variability than with DBC. However, it is readily
apparent, that unlike DBC, the liver tumor response to AFB4 remained linear to the lowest
dose although the slope was about 1.4-1.5 and the predicted dose resulting in 1 cancer in
106 was about 10-fold higher than predicted from the extrapolated LED1q line (Figure 2).

Conclusions

Rainbow trout have proven versatile in studying the mechanisms of hepatocarcinogenesis,
the response to dietary modulators and, owing to the capabilities of our unique facility at
OSU, chemoprevention and tumor promotion with thousands of animals. The two EDgg;
studies with DBC and AFB; represent the largest tumor studies ever conducted and the
richest data set available for risk assessment with these human carcinogens. The results from
both studies eclipsed the mouse EDg; study with 2-acetylaminofluorene by 1-2 orders of
magnitude. The 25,000 mouse EDg; study would be prohibitively expensive to conduct
again whereas the trout model is relatively inexpensive. There are, of course, disadvantages
as is the case with any model some of which include the fact that a facility with a capacity
such as the SARL at OSU is required, a number of important human cancers simply cannot
be studied (e.g., breast, lung, prostate), their indeterminate life span prevent conduct of
lifetime exposures such as performed with rodents, etc. However, the range of response of
trout to many chemical classes of human carcinogens make them a useful model for
addressing a number of mechanistic hypotheses as well as the conduct of the type of
experiments described in this short synopsis. As toxicologists move into adapting
Toxicology Testing in the 215t Century, it would seem that, along with human cell lines and
other tools, the trout could occupy an important niche in cancer risk assessment and continue
to play a role in studies directed at protecting human health.
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Figure 1.
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Figure 2.

Comparison of EDgg; Dose Response with AFB; and DBC
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Table 1

Methods for Carcinogen Administration in the Trout Tumor Model

Page 15

Compound Exposure Route Target Organs  References
Dibenzo[a,l]pyrene (DBP) Diet ST,LV, SB (Bailey et al., 2009; Bailey et al., 1996; Reddy al.,
1999 1999a; b; Pratt et al., 2007)

Microinjection, embryo LV

Benzo[a]pyrene (BaP) Diet LV (Hendricks et al., 1985; Bailey et al., 1996)
i.p. injection LV
Microinjection, embryo LV

7,12-Dimethylbenz[a]anthracene (DMBA)  Diet ST, LV (Fong et al., 1993; Bailey et al., 1996)
Water, embryo LV, ST, K
Water, fry ST, LV, SB, K
Microinjection, embryo LV, ST

(%)-trans-B[a]P-7,8-dihydrodiol Microinjection, sac-fry LV (Kelly et al., 1993a; Bailey et al., 1996)
Microinjection, embryo

(+)-11,12-DBP-dihydrodiol Microinjection, embryo LV (Kelly et al., 1993a; 1993b)

(9)-11,12-DBP-dihydrodiol Microinjection, embryo LV (Kelly et al., 1993a; 1993b)

(+)-syn-11,12-DBP-dihydrodiol epoxide Microinjection, embryo LV (Kelly et al., 1993a; 1993b)

(9)-anti-11,12 DBP-dihydrodiol epoxide Microinjection, embryo LV (Kelly et al., 1993a; 1993b)

aSTz stomach; LV= liver; K= kidney, SB= swim bladder.
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