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Abstract
Polycyclic aromatic hydrocarbons (PAH) such as benzo[a]pyrene (BaP) mainly induce lung cancer
in humans, but induce liver cancer in fishes. The chemoprevention of cancers through inhibition of
molecular events via phytochemicals is a potentially beneficial area of research, and has been carried
out in human cell cultures in the past. Carcinogenesis initiation events are thought to occur in similar
ways in fish and humans. Our study investigated the feasibility of using cultured rainbow trout
CRL-2301 liver cells as a model for BaP-induced carcinogenesis and its prevention by dietary
phytochemicals.

Treatment with 1 μM BaP resulted in extensive time-dependent covalent binding to cellular DNA
and marked cytochrome P450 (CYP) 1A induction, for both about a 20-fold increase, which is similar
to what has been observed in cultured human cells. A surprisingly high expression of epoxide
hydrolase (EH) activity in these cells likely contributed substantially to the bioactivation of BaP.
Two methoxylated flavones and the stilbene resveratrol were effective inhibitors of both the BaP-
DNA binding and CYP 1A induction, in particular 5,7-dimethoxyflavone (5,7-DMF), supporting a
role for these dietary compounds as cancer chemopreventive agents. Unlike in human liver or
bronchial cells, the main mechanism of inhibition of BaP-induced CYP 1A activity in trout liver cells
appears to be direct competition at the protein level. Different cellular responses in any particular
model used can be expected and the effect of cell context on the biological responses to xenobiotics,
including carcinogens as well as polyphenols, must be considered. The trout CRL-2301 cells'
sensitivity to BaP treatment is a clear advantage when contemplating a model system for studies of
PAH-induced carcinogenesis and cancer chemoprevention. However, extrapolation to human organs
should be done cautiously.
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1. Introduction
Benzo[a]pyrene (BaP) is a prototypical polycyclic aromatic hydrocarbon (PAH) formed by the
incomplete combustion of many organic materials and is ubiquitously present in our
environment. Various anatomical sites of cancer are related to ingestion and inhalation of PAHs
[1] and survival rates for these types of cancer have not significantly improved over the past
10 years. The bioactivation of BaP, the enzymes involved and the subsequent binding to DNA
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has been well studied, including recent studies in both human liver [2] and lung [3] cells. The
prevention of cancers through inhibition of such molecular events has become an important
focus. Thus, chemoprevention via phytochemicals as a means of inhibiting chemically-induced
carcinogenesis is a potentially beneficial area of research [4-6]. Recent studies have been
carried out to assess the protective effects of bioavailable flavonoids on BaP-induced DNA
binding in human cell cultures [2,3,7,8].

Fish have been used for many years as experimental organisms across the disciplines, including
ecotoxicological studies, risk assessment and chemical contamination studies [9-11].
Fundamental principles addressing biomedical questions are common for all vertebrates, and
carcinogenesis initiation events are thought to occur in similar ways in fish and humans. In
their diet and in their aquatic environment, fish and other aquatic organisms are exposed to
xenobiotics, including contaminants such as BaP and other PAHs [11-14], but also flavonoids
and other polyphenols [15-17]. Whereas BaP and BaP-like compounds mainly, but far from
exclusively, induce lung cancer in humans, they mainly induce liver cancer in fishes [18].

Rainbow trout (Oncorhynchus mykiss) is one of the more commonly used fish species in
aquaculture. Various cell lines derived from rainbow trout and other fishes have been used
successfully as sensitive models [9-11] for many years. Our study investigated the feasibility
of using a primary rainbow trout liver cell line (ATCC CRL-2301) [19] as a model for BaP-
induced carcinogenesis and its prevention by dietary phytochemicals.

2. Materials & Methods
2.1. Chemicals

5,7-Dimethoxyflavone (5,7-DMF) and 3',4'-dimethoxyflavone (3',4'-DMF) were purchased
from Indofine Chemical Co. (Somerville, NF). Resveratrol (RV), 7-ethoxyresorufin, resorufin,
BaP, DL-dithiothreitol and bovine serum albumin were obtained from Sigma Chemical Co. (St.
Louis, MO). Phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) was purchased from
Amresco (Solon, OH). Generally-labeled [3H]-BaP (50 Ci/mmol, 99% radiochemical purity)
was obtained through American Radiolabeled Chemicals (St. Louis, MO); BaP-trans-7,8-
dihydrodiol(±) and BaP-7,8-epoxide(±) were bought from the NCI Chemical Carcinogen
Repository at Midwest Research Institute (Kansas City, MO). All other chemicals were of
analytical grade.

2.2. Cell Culture and Treatment
Normal primary rainbow trout hepatocytes (CRL-2301) obtained from American Type Culture
Collection (Rockville, MD) were grown in cell growth medium (MEM) with 10% heat-
inactivated fetal bovine serum, 0.1 mM non-essential amino acids, 2 mM L-glutamine, 1.32 g/
L sodium chloride and 1% penicillin-streptomycin in uncoated flasks in a humidified
atmosphere with 5% carbon dioxide at 18°C. At 80−90% confluency, the cells were treated
with 1 μM BaP and/or 25 μM 5,7-DMF, 3',4'-DMF or RV. This polyphenol concentration was
non-toxic to the trout liver cells, as determined visually (microscope) and by the cell number
at the end of the experiments. Vehicle dimethyl sulfoxide (DMSO, ≤ 0.1% of final volume)
was used as a control in all experiments. The cells were used at passages 5−15. While the basal
levels of BaP-DNA binding and enzyme activity varied somewhat among different passages,
the magnitude of effects remained the same.

2.3. Binding of Benzo[a]pyrene to DNA
DNA-binding was measured as previously described [2,20] in cells grown in 6-well plates
incubated with 1 μM [3H]-BaP for various times or with 1 μM [3H]-BaP +/−25 μM 5,7-DMF,
3',4'-DMF or RV for 48 h. The medium was changed every 24 h. The cells were washed with
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0.9% saline and lifted off the plastic with lift buffer (10 mM Tris, 1 mM EDTA and 0.14 M
NaCl) and pelleted. Cell pellets were subsequently lysed in swell buffer (100 mM HEPES, 10
mM KCl, 0.75 mM spermidine, 0.15 mM spermine, 0.1 mM EDTA and 0.1 mM EGTA) and
0.1 % Triton X-100, and then centrifuged to obtain crude nuclear pellets. Nuclei were purified
by centrifugation through a 30% sucrose cushion. Nuclear protein and RNA were digested with
proteinase K and RNAse, and the samples were extracted 3 times with
phenol:chloroform:isoamyl alcohol. DNA was precipitated with sodium acetate and cold
ethanol, and the pellet was washed with ethanol and dissolved in water. DNA quantity and
purity were estimated spectrophotometrically at 260/280 nm. The amount of [3H]-BaP bound
to DNA was quantified by liquid scintillation spectrometry.

2.4. Catalytic Activities
2.4.1. Cytochrome P450 (CYP) 1A/1B—Cells were treated with 1 μM BaP +/- 25 μM of
the polyphenols in 6-well plates with fresh medium change every 24 h as applicable. Following
treatment, cells were washed with fresh medium and incubated with 0.6 μM 7-ethoxyresorufin
for 30 min [2,3] in the presence of salicylamide to inhibit conjugation enzymes [21].
Ethoxyresorufin O-deethylation (EROD) was measured flurorometrically as resorufin
formation in the cell culture medium with excitation/emission wavelengths of 530/590 nm
[22]. The results were normalized for the amount of cellular protein in each well [23] with
bovine serum albumin as standard. The reaction was linear over the 30-min time period used.

2.4.2. Epoxide Hydrolase (EH)—Cells were treated with 1 μM BaP in 6-well plates, as
described in the respective figure legends, with fresh medium change every 24 h as applicable.
Following treatment, the cells were washed with pH 7.4 Hanks' Balanced Salt Solution (HBSS)
and intact cells were incubated with 20 μM BaP-7,8-epoxide in HBSS for 30 min in the dark
to minimize autooxidation of the epoxide and the decomposition of the diol. Formation and
release of BaP-7,8-dihydrodiol into the buffer was measured fluorometrically [24] with
excitation/emission wavelengths of 360/420 nm and was linear over the 30-min time period
used. A concentration curve using BaP-7,8-dihydrodiol was used as standard. The results were
normalized for the amount of cellular protein in each well.

2.5. Western Analyses
Cells were treated with 1 μM BaP for 0.5, 2, 6, 24 or 48 h, or with 1 μM BaP +/- 25 μM 5,7-
DMF, 3',4'-DMF, or RV for 48 h. After treatment, the cells were washed, scraped, resuspended
in Tris/EDTA buffer with protease inhibitors and then sonicated on ice for 3 × 10 s to obtain
whole cell lysate, and the protein content was determined. Proteins were denatured with DL-
dithiothreitol and NuPAGE® LDS sample buffer at 70°C for 10 min, and then separated by
electrophoresis on 10% NuPAGE® Novex Bis-Tris gels (Invitrogen, Carlsbad, CA) under
reducing conditions, transferred to nitrocellulose membranes and blocked in 5% non-fat milk
in 0.1% Tris-buffered saline/Tween 20 (TBST) for 3 h. The membranes were incubated
overnight with rabbit anti-trout CYP 1A (1:500 dilution) (Cayman Chemical Co., Ann Arbor,
MI) in 5% non-fat milk/TBST, washed three times with 0.1% TBST, incubated with goat anti-
rabbit IgG peroxidase conjugate (1:1000 dilution) (BD Gentest, Woburn, MA), washed with
0.1% TBST, incubated with chemiluminescent substrate (KPL, Gaithersburg, MA) and
exposed to ECL Hyperfilm (Amersham Biosciences, Piscataway, NJ). Baculovirus-expressed
human CYP 1A1 supersomes, (0.3 μg protein corresponding to 30 fmol) were used as positive
control.

2.7. Statistical Analyses
Results were expressed as means ± SEM of at least 3 experiments. Comparisons among means
were made using two-tailed unpaired ANOVA (parametric or non-parametric) followed by
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Dunnett's or Dunn's Multiple Comparison Test (InStat, v. 2.00). The level of significance for
all experiments was set at α = 0.05.

3. Results
3.1. BaP Bioactivation and DNA Binding

When the trout hepatic cells were exposed to a low concentration (1 μM) of tritium-labeled
BaP, BaP was found to be covalently bound to cellular DNA and this binding increased with
time (Fig. 1A, black bars). The greatest increase occurred from 0.5 to 24 h, a 20-fold increase.
This clearly demonstrated the presence of the BaP-bioactivating enzymes in these trout
hepatocytes.

When the EROD assay was used to measure the CYP 1A catalytic activity, the main BaP-
bioactivating enzyme, exposure of the trout liver cells to 1 μM BaP resulted in a large induction,
about 17-fold, at 24 h compared to 0.5 h (Fig. 1B). In support of these observations, BaP induced
the CYP 1A protein expression, as determined by Western blotting (Fig. 1C), using the very
sensitive polyclonal anti-trout CYP 1A antibody [25]. Whereas this protein was undetectable
in the DMSO-treated cells, it was highly expressed after 24−48 h exposure to BaP. The epoxide
hydrolase (EH) activity in trout cells, as measured by the formation of BaP-7,8-dihydrodiol
from BaP-7,8-epoxide, was very high (Fig. 1D). However, there was no significant effect of
BaP treatment of the cells on its activity.

3.2. Effects of Methoxylated Flavones and Resveratrol
Previous cellular studies with methoxylated flavones and resveratrol (RV) have used a 25 μM
concentration, which appears to be nontoxic in various cell types [2,7], including these trout
liver cells. This is also a concentration that may be achieved in the oral cavity and intestine
after dietary consumption of similar phytochemicals [26] and in rat [27] and fish [28] after in
vivo exposure. When treating the trout cells simultaneously with 1 μM BaP and 25 μM 5,7-
DMF there was an about 60−80% inhibition of the DNA binding compared to control at all
time points (Fig. 1A, white bars). A comparison of the effects of 25 μM 3',4'-DMF, 5,7-DMF
and RV during co-treatment of the cells with 1 μM BaP for 48 h is shown in Fig. 2A. All three
compounds showed a significant (50−60%) inhibition of the DNA binding.

The three polyphenols, using 25 μM concentrations and 48 h BaP co-treatment, caused a potent
inhibition of the BaP-induced EROD activity, ranging from about 75% for RV to >90% for
5,7-DMF (Fig. 2B). 5,7-DMF and 3',4'-DMF also inhibited basal (DMSO-treated) EROD
activity. The seemingly potent inhibitory effect of 5,7-DMF on CYP 1A activity was
investigated further in a concentration-effect study, Fig. 3. Significant inhibition occurred
already with a 2 μM concentration, and an IC50 value of 1.3 μM was obtained.

To determine whether the potent inhibition of EROD activity by the three polyphenols was
due to inhibition of transcription of the CYP 1A protein, we compared the protein expression
by Western blot analysis (Fig. 2C) after identical treatments of the cells as for the EROD assay.
None of the compounds had any inhibitory effect on BaP-induced CYP1A levels. 3',4'-DMF
alone had a weakly stimulatory effect.

In cells treated with BaP and 25 μM of the polyphenols for 48 h, neither 5,7-DMF nor 3',4'-
DMF had any effect on EH activity. In contrast, EH activity was inhibited by about 60% in
RV-treated cells (Fig 2D).
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4. Discussion
In the cultured primary trout hepatocytes treated with 1 μM BaP, extensive time-dependent
covalent binding to cellular DNA occurred, which was secondary to marked CYP 1A induction,
as measured by the catalytic EROD assay, as well as its protein expression. High EH expression
in these cells likely contributed substantially to the bioactivation of BaP. The two methoxylated
flavones 5,7-DMF and 3',4'-DMF and the stilbene resveratrol were all inhibitors of both the
BaP-DNA binding and CYP 1A induction. The high bioavailability of 5,7-DMF [29] and its
potent inhibition of CYP 1A activity, support a role for this dietary compound as a potential
cancer chemopreventive agent.

In the trout hepatocytes studied, there were similarities with human hepatic as well as lung
cells, but there were also distinct differences. In virtually identical experiments conducted in
the human hepatoma Hep G2 cell line, the level of BaP-DNA binding was only about one third
of that in the trout cells [2], in spite of the fact that the BaP-induced EROD activity was similar
in the trout and human liver cells. As BaP-DNA binding is a reflection of both CYP 1A and
EH activity, a potential reason for this difference may be the surprisingly high basal EH activity
in the trout cells, exceeding that of the Hep G2 cells by about 10-fold. This high EH activity
is even more remarkable when the low incubation temperature (18°C) is taken into account.
Although the biological role of the very high EH activity in the trout cells is not known, it may
serve a protective role in the detoxification of epoxides generated from both endogenous and
exogenous compounds. However, for the PAHs, including BaP, it would be expected to lead
to enhanced DNA binding. Whereas the EH activity in the trout cell was not affected
significantly by BaP treatment, in the Hep G2 cells it is somewhat inducible [30], and in the
human bronchial epithelial BEAS-2B cells it is quite low but highly inducible [3]. The EH
assay used in our studies, measuring the conversion of BaP-7,8-epoxide to BaP-7,8-
dihydrodiol, the precursor of the final BaP bioactivation step, although not commonly used,
should be the most appropriate assay for this enzyme activity.

Whether EH is upregulated in our trout cells is not known. It would be important to investigate
the expression of this enzyme in the trout liver in vivo. This would simultaneously address
whether the trout may be a useful in vivo model of the human.

With respect to the time-course of induction by BaP, maximum binding of BaP to DNA in the
trout cells occurred at 24 to 72 h after initiation of treatment, which appears to coincide with
maximum induction of CYP 1A. This is very similar to our previous findings in the normal
human bronchial epithelial BEAS-2B cells [3], but very different from the human hepatoma
Hep G2 cells, where maximum induction occurred as early as after 6 h of exposure to BaP, but
coincides with respective maxima for DNA-binding. Thus, the trout cells, representing normal
fish liver cells, behaved similarly to the normal human bronchial cells with respect to BaP-
induced CYP 1A activity and BaP-DNA binding, the latter having greater functional
significance.

As in the human lung BEAS-2B cells, CYP 1A protein was undetectable in the trout cells at
the basal state. However, after treatment with BaP for 48 h, both the trout and the BEAS-2B
cells showed high expression of this protein. It is well known that many fish species express
this protein even when living in uncontaminated water [31] thus, making them sensitive animal
models for CYP 1A-mediated bioactivation of carcinogens.

The methoxylated flavones and resveratrol all inhibited the BaP-induced EROD activity
potently, in particular 5,7-DMF. This has previously been reported also in the Hep G2 [2] and
BEAS-2B [3] cells. The main mechanism of inhibition of BaP-induced CYP 1A (EROD)
activity appears to be direct competition at the protein level by these dietary compounds. Thus,
5,7-DMF has been shown to inhibit human recombinant CYP 1A1 with an IC50 value as low
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as 0.8 μM [7]. The associated inhibition of BaP-DNA binding was not as potent in the trout
cells, suggesting the presence of additional BaP bioactivating enzymes in this species, which
were not inhibited by the polyphenols. The very high activity of EH may also blunt the
inhibition of BaP-DNA binding. The mechanism associated with inhibition of CYP 1A protein
also differed between trout cells and Hep G2 and BEAS-2B cells. Whereas these polyphenols
appear to not only inhibit CYP 1A catalytic activity in the two human cell lines, they also
inhibit its transcription and therefore protein expression [2,3]. The latter effect was absent in
trout cells at the concentrations used. Different cellular responses in any particular model used
can be expected and the effect of cell context on the biological responses to xenobiotics,
including carcinogens as well as polyphenols, must be considered [32].

The effects of the three polyphenols examined on BaP-induced cellular responses were very
similar. However, in vivo, RV is expected to have very little utility as a cancer chemopreventive
agent because of its extensive presystemic metabolism by the intestine and liver [33-35]. In
contrast, the methoxylated flavones, in particular 5,7-DMF, have been shown to be
metabolically stable [29,36] with high oral bioavailability [27]. This was recently demonstrated
in an in vivo fish study [28], where 5,7-DMF, unlike its methylated analogue chrysin, was
detected in brain and especially in the liver in very high amounts after aqueous exposure. The
high accumulation with very limited metabolism of 5,7-DMF in vivo makes this flavone a
promising chemopreventive compound.

When contemplating the trout CRL-2301 cells as a model system for studies of PAH-induced
carcinogenesis and cancer chemoprevention, their sensitivity to BaP treatment, as measured
by the EROD assay, is a clear advantage. Thus, CYP 1A was highly inducible. Also, because
of the very high basal EH activity in these cells, the binding of BaP to DNA was very high.
Another advantage of these primary cells is that although they grow relatively slowly at 18°C,
they are normal untransformed hepatocytes, which are commercially available. Compared with
cancer cell lines, the responses of these normal cells are more likely to be reflective of fish in
vivo. Due to the cell line's sensitivity, it has the potential of being an excellent model for
screening potential carcinogens as well as xenobiotics such as flavonoids. Because of its
similarities and differences to human hepatocarcinoma Hep G2 and human bronchial epithelial
BEAS-2B cells, extrapolation to human organs should be done cautiously.
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Fig 1.
Time-course of BaP-induced DNA-binding (dark bars) (A), CYP 1A catalytic activity (B), and
CYP 1A protein expression (C), and EH catalytic activity (D) in trout cells. Values in A, B,
and D represent means ± SEM (n = 3−6). Significantly different from 0.1% DMSO-treated
controls, ###P<0.001. The Western blot (C) was repeated 3 times with recombinant human
CYP 1A1 (0.3 μg protein, 30 fmol) as positive control and the coumassie-stained gel (lower
panel) as the loading control. Also shown in (A) is the time-course of inhibition of BaP-DNA
binding by 25 μM 5,7-DMF (light bars). Significantly different from respective BaP-treatment,
**P<0.01; ***P<0.001.
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Fig 2.
Effect of methoxylated flavonoids and resveratrol (RV) on BaP-induced DNA binding (A),
CYP 1A catalytic activity (B), CYP 1A protein expression (C) and EH catalytic activity (D)
in trout cells. Cells were treated with 1 μM BaP alone or with 25 μM 5,7-DMF, 3',4'-DMF, or
RV alone or together with BaP for 48 h, as indicated in the figure. Controls were exposed to
DMSO (<0.1%) for 48 h. Values in A, B and D represent means ± SEM (n = 3). Significantly
different from BaP-treatment, **P<0.01; ***P<0.001.
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Fig 3.
Concentration-effect relationship of 5,7-DMF on inhibition of CYP1A-activity. Cells were
treated with 1 μM BaP together with increasing concentrations of 5,7-DMF for 48 h. Inhibition
of BaP-induced CYP 1A-activity was measured with the EROD-assay. Significantly different
from BaP-treatment, **P<0.01.
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