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ABSTRACT. Polynuclear aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants, and
recently bioassay-based induction studies have been used to determine exposures to complex mixtures of PAHs.
Induction of CYP1A1-dependent activity in H4IIE rat hepatoma cells has been used extensively as a bioassay
for halogenated aromatic hydrocarbons and more recently for PAHs. Fluoranthene (FL) is a prevalent PAH
contaminant in diverse environmental samples, and FL did not induce CYP1A1-dependent ethoxyresorufin
O-deethylase (EROD) activity significantly in H41IE cells. However, in cells cotreated with 2 X 107> M FL plus
the potent inducers 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) or benzo[k]fluoranthene (BkF) (2 X 1078 M),
there was a significant decrease in EROD activities. Furthermore, treatment of TCDD-induced rat microsomes
with FL caused an 80% decrease in EROD activity. Studies showed that FL did not affect induction of CYP1A1
protein or mRNA levels in H4IIE cells, and analysis of enzyme inhibition data using microsomal CYP1A1
indicated that FL noncompetitively inhibited CYP1A1l-dependent activity. **P-Postlabeling revealed no
significant FL-DNA adduct formation in H4IIE cells treated with FL. However, in cells cotreated with FL plus
BKF or benzo[a]pyrene (BaP), certain PAH-DNA adducts were induced 2-fold. This study demonstrated that FL
is an inhibitor of CYP1Al-dependent enzyme activity in rat hepatoma H4IIE cells and that the genotoxic
potency of some carcinogenic PAHs may be modulated by FL in mixtures containing relatively high levels of this

compound.
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PAHs§ are byproducts of incomplete combustion; they
have been characterized extensively as atmospheric and
aquatic contaminants, and they have been identified as
major components in multiple chemical wastes [1-5]. The
higher molecular weight PAHs have been linked to tumor
formation and cancer in humans [6, 7], laboratory mammals
[1], and fish [8]. FL, a component of various PAH mixtures,
contains only four fused rings, and most studies indicate
that FL exhibits relatively low carcinogenic activity. How-
ever, FL has been associated with immunotoxicity [9]
including apoptotic murine T-cell death and growth arrest
that were independent of the aryl hydrocarbon (Ah)
receptor. FL potentiates the carcinogenicity of BaP in
mouse skin [10], and lung tumors were found to develop in
CD-1 mice treated with FL 1, 8, and 15 days after birth [11].
The anti-10b-N*-deoxyguanosin-1,2,3-trihydroxy-1,2,3,10b-
tetrahydrofluoranthene (anti-FADE) adduct was positively
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correlated with persistence and organ specificity for tumor
formation [12].

Because of the toxicity and wide distribution of PAHs,
bioassays are being developed to monitor PAHs in envi-
ronmental samples [13, 14]. The H4IIE rat hepatoma cell
bioassay, where CYP1Al-mediated induction of EROD
activity is quantitated, has been used extensively to char-
acterize the induction potency of various HAHs such as
polychlorinated  biphenyls  (PCBs), polychlorinated
dibenzo-p-dioxins, and dibenzofurans [15-18]. Because
some PAHs, like HAHs, bind to the Ah receptor and
induce EROD activity [19], our laboratory has investigated
the potency of a series of PAHs in this H4IIE cell system
[13]. BKF was the most potent inducer of EROD activity
with relative potency or induction EFs compared with
TCDD of 0.005 or 0.04, depending on the assay protocol
[20]. In contrast, most of the lower molecular weight PAHs
such as FL, phenanthrene, fluorene, acenaphthene, and
naphthalene exhibit minimal induction activity [19 and
unpublished results]. The following equation has been used
for determining EQs for environmental samples containing
mixtures of HAHs and PAHs where individual EFs are
multiplied by their concentration in the sample: EQ, uee =

S([PAHIEF, . ., [PAHI,EF,). Additivity of the
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induction response is essential for utilizing this model.
While the EQ approach has been largely accepted for
hazard assessment of HAHs [15-18], there are some con-
geners in HAH mixtures that do not act additively. For
example, when PLHC-1 fish liver cells were treated with
3,3',4,4' -tetrachlorobiphenyl (PCB 77), EROD activity
was reduced at higher concentrations (1 and 10 pM)
compared with activity observed using 0.1 wuM PCB 77. In
the same study, immunoreactive CYP1A protein continued
to increase at the higher concentrations of PCB 77 despite
the decrease in enzyme activity [21].

FL is a poor inducer of EROD activity, and this is
consistent with its low affinity for the AhR receptor.
Because FL has been detected at high concentrations in
diverse environmental samples [22-24], the possible non-
additive interactions of FL with PAHs, which are potent
inducers of CYP1A1, were investigated, using the H4IIE rat
hepatoma cell bioassay. FL significantly inhibited induction
of EROD activity by BkF or TCDD in H4IIE cells, and,
therefore, the mechanism of this inactivation process was
investigated further. The results suggest that FL is a
noncompetitive inhibitor of CYPI1AI. Previous studies
have identified other inhibitors of CYP1A1 activity, and
these include tributyltin [25], aminoanthracene [26], sub-
stituted flavones [27], 2-phenylphenanthridinone [28], di-
hydrosafrole [29], and a-naphthoflavone [30-32]. To our
knowledge, this is the first report of an environmentally
significant PAH that inhibits the CYP1Al-dependent
activity induced by another PAH. Antagonism by FL may
be important in bioassays of PAH mixtures using CYP1A1-
mediated endpoints. PAH-DNA adduct formation has
been correlated with tumor formation in several different
species [33-36]. BaP-DNA adducts are the most well
characterized, and alkylation of the N-2 position on deox-
yguanosine by the (+)-anti-BaP-7,8-diol-9,10 epoxide may
be important for BaP-induced genotoxicity. The interac-
tion of FL on adduct formation in H4IIE cells cotreated
with BaP and BkF was also investigated. In our system, FL
alone did not result in any adduct formation; however, the
formation of specific BaP and BkF adducts was increased
approximately 2-fold by cotreatment with FL.

MATERIALS AND METHODS
Cell Culture and EROD Assay

Rat hepatoma H4IIE cells were grown as a continuous cell
line in a-minimum essential medium (a-MEM; Sigma)
supplemented with 2.2 g/L sodium bicarbonate, 10% fetal
bovine serum, and 10 mL/L antibiotic/antimycotic solution.
Stock culture cells were grown in 150 cm? plates at 37° in
a humidified air/carbon dioxide (95/5%) atmosphere. Cells
were seeded into 48-well plates at a density of 80,000
cells/well in 0.5 mL medium. After 24 hr, plates were
treated with 1 wL/well of the following PAHs: 2 X 107° M
FL,2 X 1078 M BKF, 2 X 107° M FL + 2 X 10~ M BkF,
2X107°MFL +2 X 1078 MBKF,2 X 107"MFL + 2 X
107 M BkF, 2 X 1008 M FL + 2 X 10~® M BKF, and
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DMSO. Cells were also cotreated with 2 X 107% M
TCDD + FL. Treatments were run in triplicate on a plate.
EROD activity and protein concentrations were deter-
mined as described [37], using a CytoFluor 2350 plate
reader. Plates were read at 530/590 nm for resorufin
production and 400/460 nm for fluorescamine protein
determination.

In Vitro Inhibition of TCDD-Induced Rat Microsomal
EROD Activity

Inhibition of EROD activity was carried out using liver
microsomes isolated from female Sprague—Dawley rats
treated with TCDD (5 pg/kg). FL (2 wL) was added to the
microsomal mixture and incubated for 5 min before the
addition of 5 uM ethoxyresorufin. The reaction mixture in
each well consisted of 0.1 M HEPES (pH 8.0), 0.01 mg
NADPH, 0.01 mg NADH, 0.13 mg BSA, 0.06 mg MgSO,,
and 5 wL of microsomes (25 g microsomal protein).
Reactions were carried out for 2 min at 37° in the presence
or absence of NADPH. Experimental treatment groups
were: DMSO, 2 X 107% 2 X 107, and 2 X 107" M FL.
ERQOD activity was determined in triplicate, and results are
reported as means with standard deviations. Kinetic studies
compared the inhibitory effect of DMSO with that of 2 X
107* M FL. Microsomes were incubated for 2 min with
DMSO and 0.1, 0.4, and 1.0 uM ethoxyresorufin; for the
inhibitory studies, microsomes were incubated for 2 min
with FL and 0.1, 0.4, 1.0, 2.5, and 5.0 uM ethyoxyresorufin.
The reactions were stopped by the addition of 100 uL
methanol.

FL and CYP1A1 mRNA and CYP1A1 Immunoreactive

Protein Interactions

Cells were seeded into twenty-one 100 X 20 mm plates in
10 mL o-MEM at a density of approximately 4 X 10°
cells/plate. After 24 hr, cells were treated with the follow-
ing PAHs: 2 X 100° M FL, 2 X 1078 M BkF, 2 X 107° M
FL +2 X 10" M BKF, 2 X 107 M FL + 2 X 108 M BKF,
2X107"MFL+2 X 107 MBKF, 2 X 1078 M FL + 2 X
1078 M BKF, and DMSO. Cells were harvested after an
additional 24 hr, and mRNA (one plate/treatment) and
microsomes (two plates/treatment) were isolated as follows.

Total RNA from cells was extracted using RNA
STAT-60 (Tel-Test “B”, Inc.). The dried pellet was resus-
pended in 35 pL formamide by heating at 55°. The RNA
was quantitated by UV, 4, absorption. A sample containing
20 pg RNA in 2x sample loading buffer (35% formalde-
hyde, 10% 10X SPC, 25% TE and 30% 6X tracking dye;
the TE solution was 10 mM Tris and 1 mM EDTA, pH 8,
and the dye was 0.25% xylene cyanol, 0.25% bromophenol
blue, 25% Ficoll, and 0.1 M EDTA) was loaded onto a
1.2% agarose gel (0.66 M formaldehyde) and run at 75 V
for 4 hr in 1 X SPC buffer (10X SPC contained 200 mM
Na,HPO, and 20 mM EDTA, pH 6.8). The gel was stained
with ethidium bromide, washed, and transferred to a Hy-
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FIG. 1. Structures of benzo(k)fluoranthene (BkF) and fluoran-
thene (FL).

bond™-N + nucleic acid transfer membrane for a mini-
mum of 12 hr. The membrane was washed in 0.1X SPC,
cross-linked by UV exposure, and baked for 2 hr at 80°. The
membrane was prehybridized in Denhardt’s (1X SSPE, 1%
SDS, 10% dextran sulfate, and 0.1% of each polyvinylpy-
rolidone, bovine serum albumin, and Ficoll; 20X SSPE
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FIG. 2. Representative EROD induction curves for BKF (A) and
FL (@) alone in H4IIE rat hepatoma cells seeded in 48-well
plates. Data points represent the mean = SD of three replicates
on a single plate. EROD activities and protein determination
were done on a Cytofluor 2350 fluorescent plate reader as
described in Materials and Methods. DMSO and TCDD were
used as negative and positive controls, respectively.
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FIG. 3. Induction of EROD activity by BkF alone and in
combination with increasing concentrations of FL in H41IE cells
(A). Induction of EROD activity by TCDD alone and in
combination with increasing concentrations of FL (B). Data
points represent the mean * SD of three replicates on a single
plate. Cotreatment of 2 X 107> M FL plus 2 X 10~% M BKF or
TCDD caused significant inhibition of EROD activity (P =
0.05). EROD activities were determined using the 48-well plate
method as described in Materials and Methods.

contained 3.0 M NaCl, 0.2 M NaPO,, and 0.02 Na,EDTA)
for 12 hr at 65°. Membranes were hybridized for approxi-
mately 24 hr in the prehybridizing solution with the
addition of 10° cpm/mL **P-randomly labeled probe for
P4501A1. CYP1A1l mRNA levels were standardized
against B-tubulin mRNA. After hybridization, membranes
were washed twice at 20° in 1x SSPE for 15 min. Two
additional washes were carried out at 65° for 45 min, each
in 1x SSPE and 2% SDS. After a final rinse in distilled



834

14000
@35 + NADPH

12000 ~
10000

=

£

< 8000 ~

()]

£

S

§ 6000 |

Q

o

14

W 4000
2000

o -

DMSO 2x107 2x10° 2x104

Fluoranthene treatment (M)

FIG. 4. Inhibition of TCDD-induced EROD activity in rat liver
microsomes in the presence of FL. EROD activity was deter-
mined using the 96-well microsomal enzyme assay discussed in
Materials and Methods. Microsomes were incubated with FL in
the presence or absence of NADPH for 5 min prior to the
addition of ethoxyresorufin and then incubated for 2 min.
Results are presented as the means = SD for three separate
determinations.

water, the membranes were quantitated on a Betagen
Betascope 603 blot analyzer imaging system. Finally, the
membranes were exposed to X-Omat imaging film (Kodak)
and photographed. Membranes were stripped by washing
twice in stripping buffer (0.1X SSPE and 1% SDS) at 100°.
Each sample was run in triplicate on a northern blot, and
means with standard deviations are reported.

Microsomes were prepared by homogenizing cells in
buffer (0.25 M sucrose, 0.1 M Tris, pH 7.4). The homoge-
nates were centrifuged at 10,000 g for 20 min (4°), and the
resulting supernatant was centrifuged at 105,000 g for 1 hr
at 4°. The microsomal pellet was resuspended in buffer, and
proteins were determined by the method of Bradford [38].
Twenty micrograms of microsomal protein was loaded on a
12% minigel as specified for western blot analysis using the
rat cytochrome P4501A1 ECL kit (Amersham). Blotting
was carried out with the rat P4501A1 antibody as specified
by the manufacturer. Results from three western blots are
averaged and reported as a percent of BkF positive con-
trol = SD.

DNA Isolation and Adduct Analysis

Cells from two 150 X 25 mm plates were used per replicate,
and three replicates per treatment were dosed as follows:
DMSO control, BKF 107 M, BaP 107> M, FL 107> M,
cotreatment of BkF + FL, and BaP + FL at the same
concentrations. DNA was isolated from homogenized cells
with RNase A, proteinase K, and extraction with phenol/
chloroform/isoamyl alcohol (25:24:1). DNA was precipi-
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tated from the aqueous phase with cold ethanol and stored
at —20°.

32P_Postlabeling was performed as described previously
[39, 40]. Briefly, DNA (12 wg) was digested for 3.5 hr at 37°
with 550 mU micrococcal nuclease (Sigma) and 5.5 ug
spleen phosphodiesterase (Boehringer Mannheim) in a
total volume of 12 pL containing 10 mM calcium chloride
and 30 mM sodium succinate, pH 6. Two micrograms of
DNA was removed at this point for analysis of normal
nucleotides. Then samples were digested further with 9.0
pg Nuclease P1 (Boehringer Mannheim) in a total volume
of 15 pL, containing 0.11 mM ZnCl, and 60 mM sodium
acetate, pH 5, for 40 min at 37°. Following the addition of
3 wL of 500 mM 2-(N-cyclohexylamino)ethanesulfonic
acid (CHES), pH 9.5, the DNA digest was labeled with
[y-**P]JATP (160 nCi; 3000 Ci/mmol) using 12 units of T4
polynucleotide kinase. After incubation for 40 min at 37°,
the reaction was terminated with 60 mU potato apyrase
(Sigma) over a 30-min period at 37°. Purification and
resolution of *?P-labeled adducts were carried out on
PEl-cellulose TLC sheets, as described [39, 40] using the
following solvents: D1, 2.3 M sodium phosphate, pH 5.7;
D3, 3.8 M lithium formate, 6.8 M urea, pH 3.3; D4, 0.72 M
sodium phosphate, 0.45 M Tris, 7.7 M urea, pH 8.2. D3 was
run to 15 cm from the origin, and D4 was run to 3 cm on
a Whatman 1 wick attached to the top of the sheet. RAL
values were calculated from the amounts of radioactivity
measured, the amount of DNA, and the specific activity of
the [P?PJATP used for labeling [39, 40]. Samples were
analyzed in triplicate, and RALs are reported with means
and standard deviations.

RESULTS

Figure 1 shows the structures of FL and BkF used in this
study. The 48-well plate method was used to investigate
interactions of both BkF and TCDD, potent EROD induc-
ers, with FL, a relatively poor inducer. Representative
induction curves of BkF alone and FL alone are shown in
Fig. 2. FL induced minimal EROD activity even at the
highest concentration, whereas the ECs, for BKF was 4 X
10719 M. In cells that were cotreated with 2 X 10~ M BkF
or TCDD in the presence of increasing concentrations of
FL (up to 2 X 107° M), FL decreased both BkF- and
TCDD-induced EROD activity (Fig. 3, A and B). Inhibi-
tion of EROD activity was investigated further, using liver
microsomes from rats treated with TCDD (5 pg/kg). Figure
4 shows that microsomal EROD activity was decreased 14,
64, and 80% after treating microsomes with 2 X 1077 M,
2 X 10° M, and 2 X 10°* M FL, respectively. The
mechanism of the inhibitory response by FL was investi-
gated further in H4IIE cells. Total mRNA was isolated from
cells treated with 2 X 107> M FL, 2 X 10~ % M BkF, 2 X
10°MFL +2 X 100 M BkF, 2 X 100° M FL + 2 X
10 MBKF,2 X 100 "MFL +2 X 10" M BkF,2 X 10®
M FL + 2 X 1078 M BKF, and DMSO. Northern blot
results indicated that CYP1IA1 mRNA levels were not
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Relative CYP1A mRNA units

FIG. 5. Relative CYP1A1 mRNA (A) and immu-
noreactive CYP1A1 protein (B) in H4IIE cells
after treatment with DMSO, FL alone, BKF alone,
and BKF cotreated with increasing concentrations
of FL. Total RNA isolation, northern blot analysis,
microsomal preparation, and western blot analysis
were done as described in Materials and Methods.
CYP1A1 mRNA levels were standardized against
B-tubulin mRNA (A). CYP1A1l protein is ex-
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decreased significantly in cells cotreated with BkF plus FL
compared with levels observed after treatment with BkF
alone (Fig. 5A). CYP1A1 mRNA levels in cells treated
with FL alone or DMSO (solvent control) were compara-
ble. Likewise, cotreatment with FL did not decrease immu-
noreactive CYP1A1 protein significantly as determined by

pressed as the percent of the maximal response
observed with BkF alone (100%) (B). Bars repre-
sent the mean = SD of triplicate analysis. There
was no significant antagonism of the BkF response
in the presence of any concentration of FL (P =
0.05).

western blot analysis (Fig. 5B). Because CYPIA1 mRNA
and CYP1Al immunoreactive protein levels were not
decreased in cells cotreated with FL and BkF, the mecha-
nism of inhibition of EROD activity by FL is probably
associated with enzyme inhibition or inactivation via co-
valent modification of CYP1A1. Figure 6 shows the Lin-
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FIG. 6. Lineweaver-Burk plot of FL (2 X 10~° M) and DMSO
indicating noncompetitive inhibition. EROD activity was deter-
mined with substrate (ethoxyresorufin) concentrations of 0.1,
0.4, 1.0, 2.5, and 5.0 pM in TCDD-induced rat microsomes as
described in Materials and Methods. The K, for FL inhibition at
this concentration was 8.4 pM.
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eweaver—Burk plot of data obtained using rat liver micro-
somal P4501A1 incubated with either DMSO or 2 X 107>
M FL and 3-5 concentrations of ethoxyresorufin (0.1 to 5
wM). Regression lines through the data points intersected
on the X-axis (1/S), indicating noncompetitive inhibition
with a K; of 8.4 pM.

PAH-DNA adduct formation has been correlated with
tumor formation in both wildlife and laboratory animals,
and therefore the interaction of FL on BaP- or BkF-induced
DNA adduct formation was investigated. No consistent
adducts were detected by **P-postlabeling of DNA isolated
from FL (107> M) or DMSO-treated H4IIE cells. The
formation of FL-DNA adducts in cells with induced
CYP1A1-dependent activity was not determined; however,
it is unlikely that these adducts would overlap the higher
molecular weight BaP- and BkF-adducts. BaP treatment
(107> M) resulted in 11 adduct spots on the TLC plates, as
shown in Fig. 7A. Cotreatment of BaP and FL increased the
relative adduct labeling per 10” normal nucleotides (RAL)
of spots 2, 4, and 6 approximately 2-fold (Fig. 7B, Table 1)
from 622 to 1158 (P = 0.03). Spot 8, while a major
adduct, remained unchanged in cells treated with BaP plus
FL. Spot 4 was the main adduct when HA4IIE cells were
treated with 1078 M BKF (Fig. 7C). A significant increase
in RAL of this adduct was observed in cells cotreated with
BkF plus FL (3.6 vs 8.8) as shown in Fig. 7D and Table 1.

FIG. 7. Thin-layer chromatography plates showing
32P.postlabeled PAH-DNA adducts in H4IIE
cells. (A) Eleven adduct spots and an internal
standard resulted when cells were treated with
10> M BaP. (B) Spots 2, 4, and 6 were increased
approximately 2-fold when cells were cotreated
with 107> M BaP and 107> M FL. (C) Spot 4 was
the major spot with 107® M BKF treatment. (D)
Spot 4 was increased approximately 2-fold when
cells were cotreated with 107> M FL and 1078 M
BkF. The >?P-postlabeling procedure is described
in Materials and Methods (N = 3, P values indi-
cated in Table 1).
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TABLE 1. DNA adduct results for H4IIE cells treated with
BaP or BkF alone or in combination with FL*

RAL values
Spots BaP BaP + FL p
1 197 =8 192 =12 0.56
2 268 * 25 487 + 937 0.02
3 10+1 16 + 4 0.07
4 287+ 12 535 *= 1517 0.05
5 22+ 14 51 + 14 0.07
6 672 136 = 327 0.02
7 12+1 143 0.38
8 878 = 71 768 *= 162 0.35
9 24 4 18 = 2¢ 0.05
10 55+ 14 49 + 8 0.6
11 6=+2 11+4 0.13
Sum 2,4,6 622 =23 1158 = 2767 0.03
BkF BkF + FL
4 3.6+0.8 8.8 = 0.5 < 0.001

* Treatment of H4IIE cells and **P-postlabeling experiments were conducted in
triplicate as described in Materials and Methods. RAL values (mean = SD) for each
spot per 10° normal nucleotides are reported.

+ Cotreatment with FL significantly increased adduct intensity (P < 0.05).

While FL inhibited CYP1A-mediated EROD activities, it
enhanced some PAH-DNA adducts.

DISCUSSION

FL is detected frequently in PAH-contaminated extracts
and areas [2, 22—24]. FL has been identified in urban soil at
concentrations between 200 and 166,000 pg/kg, where BaP
concentrations were only 165 to 220 wg/kg [1]. Likewise,
mussels collected from Dorchester Bay, MA, had approxi-
mately 450 and 25 ng/g dry weight of FL and BKF,
respectively, in their tissues [23]. Therefore, the concentra-
tion of FL may be significantly higher than the carcino-
genic PAHs in some environmental samples. For this
reason, interactions of PAHs in the H4IIE bioassay were
investigated using BkKF and TCDD, both potent inducers of
EROD activity, in the presence of increasing concentra-
tions of FL and several other lower molecular weight PAHs
that are also found in the environment. As shown in Fig. 3,
both TCDD and BkF alone induced EROD activity, and
this was decreased significantly in the presence of 2 X 107>
M FL. This inhibitory response was not observed for
fluorene, phenanthrene, or acenaphthene. Likewise, when
rat liver microsomal P4501A1 from TCDD-treated rats was
incubated with FL, EROD activity was also inhibited up to
80% with 2 X 10~* M FL (Fig. 4).

The mechanism of inhibition of CYPIA1 by FL was
investigated further by quantitating CYP1A1l mRNA and
CYP1A1 immunoreactive protein levels. The results
showed that there was not a significant decrease of mRNA
or immunoreactive protein levels in H4IIE cells cotreated
with FL plus BKF (Fig. 5, A and B). Because CYP1A1 was
not inhibited by FL at either the message or protein level,
the mechanism of inhibition appears to be associated with
inhibition of enzyme activity. Lineweaver—Burk analysis of
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microsomal P4501A1 treated with DMSO or 2 X 107> FL
and increasing concentrations of ethoxyresorufin indicated
noncompetitive inhibition by FL with a K; of 8.4 uM.
Direct inhibition of enzyme activity (EROD) has been
reported previously in PLHC-1 fish hepatoma cells co-
treated with 3-methylcholanthrene (3-MC) and tributyltin
(TBT) [25]. Organotins caused a 50% inhibition of EROD
activity in induced PLHC-1 lysates at 4.7 X 107> and
6.7 X 107> M for TBT and dibutyltin, respectively.
Aminoanthracene (AA) has been reported to cause a
66.5% decrease in EROD activity in B-naphthoflavone-
induced channel catfish [26]. Time-dependent inhibition of
EROD activity by AA was observed in hepatic microsomes
following both in vivo and in vitro exposures. These studies
concluded that AA is a mechanism-based inactivator
(suicide substrate) of CYP1A in hepatic tissue of channel
catfish. The current study shows that FL is also a noncom-
petitive inhibitor of CYP1Al-dependent activity. These
results are the first to show that an environmentally
relevant PAH is an inhibitor of CYP1A1-mediated activ-
ity.

The implications of this inhibitory response by FL are
important for development of an induction equivalency
approach for assessment of PAH-containing samples [13,
41, 42]. The H4IIE bioassay assumes additivity of the inducing
compounds by the following equation: EQ, .
S([PAH],EF, + ...+ [PAH],EF,). Previous research
in our laboratory has indicated that when EFs for seven
inducing PAHs were determined, the EQ approach was
effective in predicting bioassay results in PAH-treated
oyster samples [13]. However, because FL inhibits EROD
activity, bioassay EQs will underestimate the true potency
of extracts containing relatively high levels of FL. For
example, some urban soil samples have an FL to BaP ratio
of about 750 [1], and this ratio could be even higher in
other matrices or species from contaminated areas.

The potential effects of FL on the genotoxicity of PAHs
were also investigated in H41IE cells cotreated with FL plus
two carcinogenic PAHs, BaP or BkF. PAH-DNA adduct
analysis indicated that both BaP and BkF DNA adducts
were increased in H4IIE cells after cotreatment with FL.
Spot 4 in Fig. 7TA and B chromatographs with the (+)-
anti-BaP-7,8-diol-9,10 epoxide adduct at the N-2 position
of deoxyguanosine [40], and formation of this adduct has
been correlated with tumor formation in various animals
[35, 36, 43]. This adduct was increased from 287 to 535
RAL X 107 in cells cotreated with BaP plus FL. CYP1A1
can enhance or inhibit metabolic activation of PAHs, and
the results of this study show that inhibition of CYP1A1-
dependent activity by FL resulted in increased adduct
levels. FL may also affect other enzyme activities associated
with PAH metabolism; however, these activities have not
been investigated in this study. This result highlights
another drawback of the induction equivalency-based bio-
assay for PAH mixtures. The EQ system assumes that all of
the compounds act additively and through the same mech-
anism of action. It is clear from these studies that while FL
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inhibits induced EROD activity in the H4IIE bioassay (Fig.
3 and 4), this same compound increases the potential
genotoxicity of BaP and BkF by enhancing formation of
some PAH-DNA adducts (Table 1). Current research is
focused on the limitations of the induction equivalency
based bioassays for PAHs and the interactions of FL with
carcinogenic PAHs and the effects on their genotoxicity in
both cellular and in vivo models.
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