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Abstract
Several P450 enzymes localized in the endoplasmic reticulum and thought to be involved primarily
in xenobiotic metabolism, including mouse and rat CYP1A1 and mouse CYP1A2, have also been
found to translocate to mitochondria. We report here that the environmental toxin 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) induces enzymatically active CYP1A4/1A5, the avian
orthologs of mammalian CYP1A1/1A2, in chick embryo liver mitochondria as well as in
microsomes. P450 proteins and activity levels (CYP1A4-dependent 7-ethoxyresorufin-O-deethylase
and CYP1A5-dependent arachidonic acid epoxygenation) in mitochondria were 23–40% of those in
microsomes. DHET formation by mitochondria was twice that of microsomes and was attributable
to a mitochondrial soluble epoxide hydrolase as confirmed by Western blotting with antiEPHX2,
conversion by mitochondria of pure 11,12 and 14,15-EET to the corresponding DHETs and inhibition
of DHET formation by the soluble epoxide hydrolase inhibitor, 12(-3-adamantan-1-yl-ureido)-
dodecanoic acid (AUDA). TCDD also suppressed formation of mitochondrial and microsomal 20-
HETE. The findings newly identify mitochondria as a site of P450-dependent arachidonic acid
metabolism and as a potential target for TCDD effects. They also demonstrate that mitochondria
contain soluble epoxide hydrolase and underscore a role for CYP1A in endobiotic metabolism.
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INTRODUCTION
Activation of the aryl hydrocarbon receptor (AhR)1 by the environmental toxin 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and other AhR ligands leads to induction of enzymes in
the cytochrome P450 1A family (mammalian CYPs 1A1 and 1A2 and the chick orthologs,
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1A4 and 1A5). CYP1A enzymes have been considered to be catalysts of metabolism of foreign
compounds, mainly toxic chemicals. However, there is increasing evidence that CYP1A
enzymes can participate in metabolism of endogenous substrates, including estrogens,
bilirubin, melatonin and arachidonic acid (reviewed in Rifkind, 2006 [1]). Like most P450s
involved in xenobiotic metabolism, CYP1A enzymes are primarily located in microsomes
(endoplasmic reticulum or ER) in contrast to P450 enzymes catalyzing steroid and bile acid
synthesis and metabolism of Vitamin D which are selectively targeted to mitochondria [2]. It
has become clear, largely based on work of Avadhani et al., that several P450s localized in the
ER, including rat and mouse CYP1A1 in both liver and extrahepatic organs, can undergo
processing with targeting to mitochondria [3–7]. It has recently been shown that TCDD-
induced CYP1A2 is also found in mouse liver mitochondria [8].

Previous work from this laboratory showed that TCDD-induced CYP1A4 is entirely
responsible for the increased 7-ethoxyresorufin deethylase (EROD) activity and CYP1A5 for
the increased epoxygenation of the endogenous membrane fatty acid, arachidonic acid (aa), in
chick embryo (CE) liver microsomes [9–11]. Further, TCDD treatment suppressed formation
of another P450 aa metabolite, 20-HETE, in both mammalian and CE liver microsomes [12,
13].

P450 enzymes generate different aa metabolites from those produced by cyclooxygenases
(prostaglandins) or lipoxygenases (leukotrienes). The P450 aa products include four
regioisomeric aa epoxides (5,6–8,9–11,12–14,15- epoxyeicosatrienoic acids, EETs), each with
2 stereoisomers, mid-chain mono-hydroxylated products (HETEs) and monohydroxylated ω
terminal alcohols (including 18-, 19- and 20-HETE) [14]. EETs can be converted to vic-
dihydroxyeicosatrienoic acids (DHETs) by soluble epoxide hydrolase (EPHX2, sEH) or
microsomal epoxide hydrolase (EPHX1) [15,16]. TCDD-induced CYP1A5 [10] and human
CYP1A2 [17,18] generate mainly EETs as do some constitutive P450 aa epoxygenases (i.e.
CYPs 2B, 2C and 2J) [1,16,19], while P450s in the CYP4 family are responsible for 20-HETE
formation [19,20].

P450 aa metabolites are biologically active compounds, whose effects have been most
extensively investigated and recognized with respect to the cardiovascular system. EETs are
considered to be generally vasodilatory and to provide protection in cardiac ischemia-
reperfusion injury, while 20-HETE is considered to be mainly vasoconstrictive and to have a
possible role in hypertension [16,19]. The role of P450 aa metabolites in liver physiology and
pathophysiology is not yet understood [21].

Activation of the AhR is required for TCDD to induce CYP1A, the major biochemical effect
of TCDD, and for TCDD toxicity. The toxic effects include a wasting syndrome that appears
to be associated with restricted nutrient supply and energy loss and may involve mitochondrial
dysfunction [22–24]. The role of CYP1A products in TCDD toxicity has not been established.

In the research reported here we asked the following questions: Does TCDD induce CYP1A4
and 1A5 in CE liver mitochondria and, if induced, does mitochondrial CYP1A5 catalyze P450
dependent aa epoxygenation? Does TCDD affect 20-HETE formation in liver mitochondria as
well as in microsomes?

The results show that in CE liver mitochondria: 1) TCDD induces CYP1A4 and CYP1A5, 2)
the induced P450s are enzymatically active, as shown by EROD and aa epoxygenation, and 3)
TCDD suppresses 20-HETE formation. The findings support a mitochondrial site of action for
TCDD, demonstrate that liver mitochondria are a potential site of P450-dependent aa
metabolism and reinforce a role for CYP1A in endobiotic metabolism. They also show that
mitochondria contain soluble epoxide hydrolase resulting in greater DHET formation in
mitochondria.
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MATERIALS AND METHODS
Reagents

Chemicals were from Sigma-Aldrich (St. Louis, MO), unless otherwise indicated. Reagents
used for high-pressure liquid chromatography (HPLC) were at HPLC-grade. Fertilized chicken
eggs, White Leghorn strain, were obtained from Burr Farms (Hampton, CT). NCI Chemical
Carcinogen Repository (Kansas City, MO) provided 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD).

Treatment of chick embryos (CE) and preparation of subcellular fractions from liver
Fertilized chicken eggs were incubated at 37° at high humidity. Embryos were treated at 16 or
17 days of gestation (hatching occurs at day 21), unless otherwise indicated, by injecting the
compounds through a small hole in the shell into the fluids surrounding the embryo. TCDD
treatment was at 1 nmol/egg (3.2 x 10−4 mg) in 0.005 ml of dioxane for 24 hr; controls received
0.005 ml of dioxane for the same time period.

To prepare mitochondria by differential centrifugation [25], liver homogenates (1 part tissue
to 3 parts (w/v) 0.1 M KPO4, pH 7.4 or 300 mM sucrose in 5 mM HEPES, pH 7.4) were
subjected to two centrifugations, each at 1,000g for 5 min, to remove nuclei and cell debris.
The resulting supernatant was transferred to a new tube, centrifuged at 10,000g for 10 min,
washed and recentrifuged. The 10,000g pellet containing mitochondria, was resuspended in
0.1 M KPO4 or 300 mM sucrose in 5 mM HEPES, pH 7.4. The remaining supernatant was
centrifuged at 100,000g for 1 hr to pellet microsomes [26].

To prepare mitochondria using a Percoll density gradient, the procedure of Sims et al. [27] was
followed with some modifications: CE liver (2 to 3 g, equivalent to about 10 livers) were
homogenized in 1x Percoll isolation buffer (10 mM TRIS-HCl, 0.32 M sucrose, and 1 mM
EDTA, pH 7.4) and centrifuged at 1,000g for 10 min (buffer to sample ratio of 14:1). The pellet
was discarded and the supernatant was centrifuged again at 1,000g. The resulting supernatant
was centrifuged at 12,000g for 15 min. That supernatant was removed and used to obtain
microsomes as described above. The 12,000g pellet was resuspended in 14 ml Percoll isolation
buffer and centrifuged again at 12,000g for 15 min. The supernatant was discarded and the
pellet was resuspended in 9 ml of 15% Percoll in Percoll isolation buffer. Then, 3.5 ml of 40%
Percoll, 3.5 ml of 23% Percoll and 3 ml of the sample in 15% Percoll were layered successively
in a clear centrifuge tube (three tubes for each sample). The gradient was centrifuged at
31,000g for 5 min. The band at the 23/40% Percoll interface was collected from each tube as
the mitochondrial fraction, using a blunt needle. The mitochondrial fractions from the three
tubes were combined, diluted with 10 ml Percoll isolation buffer and centrifuged at 16,700g
for 10 min. The supernatant was discarded; the pellet was resuspended in 10 ml Percoll isolation
buffer and centrifuged at 6,900g for 10 min. The pellet was collected and used as “Percoll
mitochondria”.

Peroxisomes were isolated using a Peroxisome Isolation kit (Sigma-Aldrich) according to the
manufacturer’s instructions. Briefly, livers were weighed and homogenized in 1x peroxisome
extraction buffer (diluted from 5x: 25 mM MOPS, pH 7.65 with 1.25 M sucrose, 5 mM EDTA
and 0.5% ethanol provided with the kit), using 16 ml per 4 g liver. The homogenate was
centrifuged at 1,000g for 10 min and the supernatant was transferred to a new tube and
centrifuged at 2,000g for 10 min. The 2,000g pellet was washed twice in 300 mM sucrose in
5 mM HEPES, pH 7.4 (isolation buffer) and collected. This fraction was designated as “heavy
mitochondria” in the manufacturer’s protocol and is referred to here as the “2,000g
mitochondria”. The supernatant was centrifuged at 25,000g for 20 min. The resulting pellet
(crude peroxisomal fraction), was diluted in 1x peroxisome extraction buffer to 1.2 ml, then
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1.69 ml OptiPrep density gradient medium (60% iodixanol in water) and 1.61 ml of 1x OptiPrep
dilution buffer (provided as 20x: 100 mM MOPS, pH 8.0 with 20 mM EDTA and 2% ethanol)
were added to obtain 4.5 ml of a 22.5% OptiPrep solution. A gradient containing 3 layers was
prepared in a clear ultracentrifuge tube; bottom, 2 ml of 27.5% OptiPrep solution in the
OptiPrep dilution buffer; middle, 4.5 ml of the crude peroxisomal fraction in 22.5% OptiPrep;
top, 2 ml of 20% OptiPrep solution. The gradient was centrifuged for 1.5 hr at 100,000g. The
bottom layer containing the purified peroxisomes was removed using a blunt needle,
resuspended in 5 ml of isolation buffer (described above), and centrifuged at 25,000g for 20
min. The supernatant was discarded and the pellet resuspended in isolation buffer. Subcellular
fractions were stored at −80°.

P450-dependent arachidonic acid (aa) metabolism
Arachidonic acid metabolism was assayed by the method of Capdevila et al. [10,28]. Reaction
mixtures (0.25 ml total vol) contained 75 to 150 μg of protein as indicated in the figure legends,
and 30 μM [1-14C] arachidonic acid (53 mCi/mmol) (Perkin Elmer, Torrance, CA). After
preincubation for 2 min at 37°, reactions were started with 1 mM NADPH (samples without
the addition of NADPH showed no activity), 10 mM isocitric acid, 0.2 U of isocitric
dehydrogenase/ml, and 10 mM MgCl2 and incubated in a shaking water bath in air for 10 min
at 37°. Addition of 0.1 ml of glacial acetic acid was followed by two extractions, each with 3
ml of ethyl acetate containing 0.005% butylated hydroxytoluene. The organic phases were
pooled, dried under N2, and resuspended in 0.11 ml of 50% acetonitrile in water with 0.1%
acetic acid. Products in 0.05 ml were resolved by reverse phase HPLC using a Vydac C18
column (Vydac, Hesperia, CA) (90 Å, 5 μm particle size, 4.6 x 250 mm) on a linear gradient
from 50 to 100% acidified acetonitrile in water at 1 ml per min for 40 min. Radioactivity was
measured using a Flo-One Beta Model S radioactivity flow detector (Packard Instrument
Company, Downers Grove, IL). Products have been rigorously identified by derivatization and
by reference to HPLC retention times of pure standards [10]. When different subcellular
fractions were combined, they were added together to reaction mixtures before the initial pre-
incubation step, keeping the total vol of the reaction mixture at 0.25 ml.

Effects of mitochondria on pure EETs were examined using [1-14C] 11,12 and 14, 15 EET
synthesized and provided as gifts by Dr. Jorge Capdevila, Vanderbilt University, Nashville,
TN, see legend to Fig. 5c for experimental details.

7-Ethoxyresorufin deethylase (EROD)
Reaction mixtures contained 1.25 mM EDTA, 1 mg/ml BSA, 1 mM NADPH, 10 μM
dicumarol, 4 μM 7-ER, and 20 μg liver protein in 0.039 M Tris buffer, pH 8.3 (0.24 ml total
vol) [10]. After preincubation at 37° for 1 min without NADPH, reactions were started with
NADPH, incubated for 5 min in a shaking water bath in air at 37°, and stopped with 0.25 ml
of ice-cold acetone. Incubation times and tissue concentrations were within the linear range
for product formation. Resorufin formation was measured by fluorescence (excitation
wavelength 558 nm, emission wavelength 590 nm) and compared to a resorufin standard curve.
Background resorufin levels in non-incubated samples were subtracted; each determination
was made in triplicate.

SDS-Polyacrylamide Gel Electrophoresis (PAGE)/Western Blotting
SDS-PAGE [29] was performed on slab gels (14.5 cm x 14.5 cm x 1.0 mm) using 3% and 10%
acrylamide for the stacking and running gels, respectively. Samples were prepared in 2x sample
buffer (125 mM Tris/HCl, pH 6.8, 4% SDS, 16% glycerol, 10% β-mercaptoethanol, 0.002%
bromophenol blue), (1:1, v/v), and kept at 100° for 2 min. Protein migrated into the stacking
gel for 2 hr at 15 mA and through the separating gel at 30 mA for 3–4 hr. For Western blotting,
proteins separated on SDS/PAGE gels were transferred to nitrocellulose at 90 mA overnight
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at 4°. Completeness of transfer was monitored by post-transfer staining with Coomassie Blue.
Membranes were washed with T-PBS (0.1% Triton-X 100, 0.1% SDS in 1x PBS), blocked for
1 hr with 5% non-fat dry milk in T-PBS and then incubated with the following primary
antibodies at the dilutions given, in 3% non-fat dry milk in T-PBS: immunopurified antisera
to CYP1A4 or CYP1A5 (1:2000) [10]; calnexin (1:7500), porin/VDAC (1:5000), ferredoxin
reductase (1:4000), ALA synthase (1:500) (all from ABCAM, Cambridge, MA); rat P450
reductase (1:4000) (rabbit antibody to purified rat reductase [26], Pocono Rabbit Farms,
Canadensis, PA); PMP70 (1:10,000) (Sigma, Saint Louis, MO); soluble epoxide hydrolase
(EPHX2/sEH) (1:250) (Protein Tech Group, Chicago, IL); CYP4 (1:4000) (rabbit antibody to
purified chick CYP4 (Rifkind, AB et al., unpublished), Pocono Rabbit Farms). Preliminary
experiments established optimal antibody concentrations for recognition of the chicken
proteins. Primary antibodies were incubated for 1 to 5 hr at room temperature. After 3 five min
washes with T-PBS, blots were incubated with horseradish peroxidase-linked goat anti-rabbit
IgG (1:1000–1:7500) for 1 hr at room temperature in 3% non-fat dry milk in T-PBS. Detection
was by chemiluminescence using “Western blotting detection reagent” (Amersham,
Buckinghamshire, UK). Densitometry was performed using AlphaEaseFC software (Alpha
Innotech, San Leandro, CA).

Immunofluorescence
CYP1A4 cDNA [11] was inserted in the sense orientation in a pCXIZ construct [30] (pCXIZ-
CYP1A4) (gift from Dr. Takashi Mikawa, U.C.S.F., San Francisco, CA) after digestion with
the restriction enzyme XbaI and used to stably transfect D17 dog fibroblasts (CCL-183, ATCC,
Manassas, VA). The transfected cells were incubated in DMEM medium (Cellgro) containing
10 % FBS (Cellgro) with 250 nM Mitotracker 580 (Invitrogen-Molecular Probes)
(mitochondrial marker) for 15 min and then fixed in acetone/methanol (1:1, v/v) for 10 min at
−20°. The protocol followed was from BD Biosciences with the following modifications: For
CYP1A4 detection, cells were incubated with rabbit antiCYP1A4 IgG as primary antibody
(1:200 dilution) [10] and donkey anti-rabbit Alexa Fluor 488 as secondary antibody (1:200
dilution). Nuclei were stained with DAPI (Sigma). An Axiovert 35 Zeiss fluorescence
microscope was used for visualization.

Other Procedures
Protein concentrations were measured by the method of Lowry et al. [31]. Differences between
group means were compared using unpaired t tests (GraphPad Prism 4 software, GraphPad,
San Diego, CA). p values <0.05 were accepted as statistically significant. Cleavage and
phosphorylation sites of N-terminal sequences of selected proteins were predicted using
SignalP 3.0 and NetPhosK 1.0 servers (link of ExPASy) (Expert Protein Analysis System
program, Swiss Institute of Bioinformatics, Geneva) [32,33]. A high probability for putative
PKC phosphorylation was assigned for threonine or serine residues with a phosphorylation
probability of 50% or more. Alignment of amino acid sequences was performed using
DNASTAR MegAlign program (DNASTAR Inc., Madison, WI).

RESULTS
Fig. 1 shows an alignment of the N-terminal amino acid sequences for chicken CYPs 1A4 and
1A5, mouse and rat CYP1A1 and mouse CYP1A2, the CYP1A P450s that have been reported
to translocate to mitochondria [3–8], and human CYP1A1. CYPs 1A4 and 1A5 both contain
the highly conserved positively charged arginine and lysine residues aligning with amino acids
34, 39 and 42 in rat and mouse CYP1A1 and identified as mitochondrial targeting signals [2,
3]. The chick CYP1A enzymes also contain the trypsin-like cleavage site (underlined) also in
rat and mouse CYP1A1 and mouse 1A2 found in P450s that translocate to mitochondria [3,
6], as well as putative PKC phosphorylation sites (circled), also suggested to be involved in
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mitochondrial translocation [7]. Human CYP1A1 contains the conserved positive amino acids,
cleavage site and a putative serine phosphorylation site. The presence of putative mitochondrial
targeting signals and cleavage sites in chick CYPs 1A4 and 1A5 illustrates the conservation
of these signals among species and provides a structural basis for both chick P450s to be
targeted to mitochondria.

Initial experiments (data not shown) performed on liver mitochondria prepared from solvent
or TCDD-treated CE by a standard differential centrifugation method (see “Materials and
Methods”) showed that the mitochondria (10,000g pellet) contained CYP1A4 and 1A5 as
shown by Western blotting and were active in CYP1A4-dependent EROD and CYP1A5-
dependent aa metabolism at levels close to those in microsomes. However, the mitochondria
were contaminated with microsomes to the extent of 40 to 50% as evidenced by Western
blotting with microsomal markers P450 reductase or calnexin. (Microsomes were free of
mitochondrial contamination as indicated by use of the mitochondrial markers, ALA synthase
and porin.) Notably, similar degrees of microsomal contamination have been reported for
mammalian mitochondria prepared by differential centrifugation [34–36].

Numerous attempts to diminish microsomal contamination, using multiple washes,
centrifugation over a sucrose cushion or sucrose gradient [8] and osmotic swelling followed
by shrinkage [37,38] were unsuccessful. Addition of a re-homogenization step prior to osmotic
shock, however, reduced microsomal contamination to 27% suggesting that the microsomes
were closely attached to mitochondrial fragments but could be dislodged by physical
disruption.

Isolation of mitochondria using a Percoll density gradient [27] substantially reduced
microsomal contamination to 6.5 ± 1.1% and 10.6 ± 0.9% (SE) (n = 6) using calnexin or P450
reductase, respectively, as microsomal markers. A representative blot is shown in Fig. 2a. No
differences in contamination were seen in preparations for control or TCDD-treated CE.
Western blots in the top and middle panels in Fig. 3a also illustrate the mitochondrial
enrichment and the reduction in microsomal contamination for mitochondria prepared by
Percoll gradient as compared to differential centrifugation (10,000g pellet).

CYP1A4 and 1A5 were present in the Percoll mitochondria at 49 ± 4% and 62.3 ± 2.6 % of
their levels in microsomal fractions, respectively, as determined by densitometry of Western
blots (Fig. 2b) (n = 3). The Percoll mitochondria from livers of TCDD-treated CE had 88 ±
4% of the microsomal levels for EROD (Fig. 2c) and 60% ± 0.6% (SE) for aa epoxygenase
activity (EETs plus DHETs) (Fig. 2d) (n = 3 independent control and TCDD-treated groups).
The substantial P450 activity of mitochondria with reduced microsomal contamination
supported the localization of CYP1A in mitochondria.

20-HETE (ω), essentially the sole P450 aa product in livers of control CE, was suppressed by
TCDD treatment in mitochondria, as previously observed in microsomes [12,13], here by
means of 27.5 ± 2% in microsomes and 25 ± 8% in mitochondria (p = 0.001 and 0.045,
respectively; n = 3).

The aa metabolite pattern differed in mitochondria and microsomes from TCDD treated livers.
Although mitochondria had less total aa epoxygenase activity compared to microsomes, DHET
production in mitochondria was twice that of microsomes (Fig. 2d). The lower DHET
formation in microsomes made it unlikely that microsomal contamination of mitochondria
accounted for conversion of EETs to DHETs. In other experiments microsomes from TCDD-
treated CE liver when coincubated with control CE liver mitochondria generated 6.1-fold more
DHETs than when coincubated with control microsomes, confirming that the epoxide
hydrolase activity was associated with the mitochondria (data not shown).
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As peroxisomes and mitochondria have similar sedimentation characteristics [39], and
peroxisomes had been reported to be present in some mitochondrial preparations [35,36], it
was necessary to exclude peroxisomal contamination as a source of epoxide hydrolase in the
mitochondrial fraction. Western blotting with an antibody to PMP70, a peroxisomal marker
(Fig. 3a, bottom panel), showed that the Percoll mitochondria were, in fact, contaminated with
peroxisomes (while microsomes from the same livers were free of peroxisomes). This
peroxisomal contamination was not a consequence of the Percoll density gradient approach
per se as mitochondria prepared by differential centrifugation were also contaminated with
peroxisomes (Fig. 3a, 10,000g pellet). In other experiments (not shown) mitochondria from
mouse livers prepared by differential centrifugation were just as contaminated with
peroxisomes as the 10,000g CE mitochondria shown in Fig. 3; thus the peroxisomal
contamination of mitochondria was not a particular characteristic of CE liver.

Peroxisomes were purified from CE liver (see “Materials and Methods) to use in assessing
peroxisomal soluble epoxide hydrolase activity. The peroxisomal fraction obtained was shown
to be free of mitochondria by Western blotting using an antibody against porin (Fig. 3b).

During the isolation of peroxisomes, a fraction designated “heavy mitochondria” in the
manufacturer’s instructions (henceforth “2,000g mitochondria”) was obtained (see “Materials
and Methods”). This fraction proved to be enriched in mitochondria and lack peroxisomal
contamination when compared to Percoll mitochondria as shown by immunoblotting with porin
and PMP70, respectively (Fig. 3b). It was also virtually free of microsomal contamination as
shown by immunoblotting for calnexin (Fig. 4a) (0.45 ± 0.29% (SE), by densitometry; n = 6).
Immunoblotting with P450 reductase (Fig. 4b) confirmed the low microsomal contamination
of the 2,000g mitochondria. On the other hand, ferredoxin reductase, which, when coupled
with ferredoxin, transfers electrons from NADPH to mitochondrial P450 [2], was present in
mitochondria but not in microsomes (Fig. 4b).

The availability of a mitochondrial preparation essentially free of peroxisomal and microsomal
contamination offered an opportunity to assess accurately microsomal and mitochondrial
CYP1A4 and 1A5 activities and the contribution of mitochondria to DHET formation.2 Fig.
4c shows that CYP1A4 and 1A5 were absent from 2,000g mitochondria and microsomes from
control CE livers but were present in the corresponding fractions from livers of TCDD-treated
CE, at 32.1 ± 2.9% and 36.6 ± 7.8% (SE) of the levels in microsomes, respectively, as shown
by densitometry of Western blots (n = 3).

2,000g mitochondria from control CE liver, like microsomes, generated only 20-HETE (Fig.
4g, upper panels) at mean levels about 31 ± 2% (SE) of those for microsomes (p < 0.0001; n
= 3). TCDD decreased 20-HETE formation compared to the respective controls by 39 ± 9%
in microsomes and 23 ± 3% in mitochondria (p< 0.005 and < 0.01, respectively; n = 3 for each;
Table 1). CYP4 was present in mitochondria from livers of control and TCDD treated CE at
29 ± 1.3% of the levels in microsomes (p < 0.0001; n = 6) as shown by Western blotting using
an antibody against a CYP4 purified from CE liver (Fig. 4d). The CYP4 was found in separate
studies to catalyze 20-HETE formation in microsomes (manuscript in preparation). TCDD did
not appear to affect CYP4 protein levels.

Fig. 4e presents immunofluorescence evidence showing that CYP1A4, when overexpressed in
fibroblasts, co-localized with mitochondria. These fibroblasts, when transfected with CYP1A4
cDNA had been found in previous experiments (not shown) to transcribe and translate CYP1A4
into enzymatically active protein. The immunofluorescence data provide independent

2We noted that for mouse liver, the 2,000g pellet exhibited reduced but not absent peroxisomal and microsomal contamination when
compared to the 10,000g pellet (reductions of 39% and 65%, respectively).
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confirmation that CYP1A4 can be localized to mitochondria and further that this can occur in
cells from a mammalian species as well as chick and is not restricted to hepatocytes.

CYP1A4 mediated EROD (Fig. 4f) and CYP1A5 mediated aa epoxygenase activities (Fig. 4g)
were present in microsome- and peroxisome-free mitochondria at 23.2 % ± 0.8% and 42 ±
6.0% of the levels in microsomes, respectively (see also Table 1; n = 3 for both assays).

Although total epoxygenase activity (EETs plus DHETs) in 2,000g mitochondria was 42% of
that in microsomes from TCDD-treated CE liver, DHET formation in the mitochondria was
about twice as high as in microsomes per mg protein. Furthermore, the formation of DHETs
as a percentage of the total epoxygenase products was 4.8-fold higher for mitochondria than
microsomes (Table 1).

Some differences were observed for the regioisomeric distribution of the epoxygenase products
in mitochondria and microsomes. The 5,6 regioisomers were a slightly lower percentage of the
total EETs and DHETs in mitochondria (mean percentages ± SE: 36.3% ± 1.7 for microsomes
and 30.7% ± 0.9% for mitochondria (p<0.04, n = 3)), while the 11, 12 regioisomers were a
greater percentage of the total in the mitochondria (26.3 ± 1.8 % in the mitochondria and 18.3%
± 0.9 in the microsomes (p<0.015, n = 3)). No significant differences were found for the 8,9
and 14,15 regioisomers in mitochondria and microsomes (mean distributions were 20.3 and
20.7% for mitochondria and microsomes for the 8,9- and 23.3 % and 25% for the 14,15-
regioisomer respectively).

The evidence that mitochondria (which contained only ferredoxin reductase, Fig. 4b) supported
CYP1A4 and 1A5 catalysis demonstrated that ferredoxin reductase could mediate electron
transfer from NADPH to the mitochondrial forms of those P450s. We further investigated
whether P450 reductase could support mitochondrial as well as microsomal CYP1A activities.
Purified P450 reductase added to reaction mixtures containing microsomes or 2,000g
mitochondria from TCDD-treated CE liver, at an excess of reductase to P450, increased both
microsomal and mitochondrial CYP1A5 aa epoxygenase activities. The P450 reductase
increased both mitochondrial and microsomal aa epoxygenation but increased the microsomal
activity 90% more than the mitochondrial. Supplementation of microsomes or 2,000g
mitochondria from livers of TCDD treated CE with 2,000g mitochondria from control CE liver
(as a source of ferredoxin reductase) increased both microsomal and mitochondrial EROD
activities but increased the mitochondrial activity 30% more than the microsomal activity.

The evidence in Fig. 4 that DHETs were generated by mitochondria essentially free of
peroxisomes suggested that the mitochondrial DHET formation was attributable to a soluble
epoxide hydrolase (sEH) intrinsic to mitochondria, rather than to peroxisomal contamination.
Use of an antibody against sEH (EPHX2) (Fig. 5a) showed that the mitochondria and
peroxisomes both contained sEH. Microsomes, in contrast, were essentially free of both sEH
and peroxisomes indicating that the microsomal DHET formation (Fig. 4g) was attributable to
a microsomal epoxide hydrolase distinct from the mitochondrial or peroxisomal sEH. TCDD
did not increase sEH levels in 2,000g mitochondria (not shown).

The ability of the sEH in peroxisomes and 2,000g mitochondria to convert EETs to DHETs
was compared by coincubating peroxisomes or 2,000g mitochondria from control CE liver
with liver microsomes from TCDD-treated CE (as a source of EETs, see “Materials and
Methods”). The baseline microsomal DHET formation (see Fig. 4g) was subtracted. Mean
DHET formation by the 2,000g mitochondria was 30 ± 2.5% (SE) greater than by peroxisomes
(Fig. 5b) strongly supporting the conversion of EETs to DHETs by a mitochondrial sEH.

To confirm the presence of sEH in mitochondria we incubated pure [1-14C] labeled 11, 12 and
14, 15 EET with 2,000g mitochondria from control (untreated) CE liver. The results (Fig. 5c)
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show that under the conditions used, the mitochondria converted 66% of the 11,12 EET and
58% of the 14,15 EET to the corresponding DHETs.

Further confirmation that DHET formation by mitochondria was attributable to mitochondrial
sEH was obtained in experiments in which mitochondria from livers of TCDD treated CE were
incubated with the sEH inhibitor, AUDA (Fig. 5d). Dose-dependent inhibition of DHET
formation was observed, ranging from 17% inhibition at 10 nM AUDA, the lowest
concentration tested, to 74% inhibition at the highest concentration, 330 nM. The latter findings
are consistent with the reported IC50 for the isolated recombinant chicken sEH of 13.7 nM
[40].

Together, the data in Fig. 5 show that DHETs in the microsome- and peroxisome-free
2,000g mitochondria were generated by a mitochondrial sEH, supporting the inference that
mitochondria contain sEH, which in the presence of TCDD-induced CYP1A can convert EETs
to DHETs.

DISCUSSION
Several P450 enzymes regarded as being localized to the ER have also been found in liver,
brain and lung mitochondria, including mouse and rat CYPs 1A1, 1A2, 2A5, 2B1 2E1, 3A4,
4 [3–8]. We show here that TCDD induced enzymatically active CYPs 1A4 and 1A5, the avian
orthologs of mammalian CYP1A1 and 1A2, in CE liver mitochondria in substantial amounts
within 24 hr of TCDD treatment. Those findings and the evidence that CYP1A is induced in
mitochondria in diverse species suggest that mitochondrial CYP1A induction is likely to have
physiologic or pathophysiologic significance.

Mitochondrial CYP1A enzymes in CE liver were similar to the rat and mouse orthologs with
respect to (a) relative amounts and activity levels as compared to those in microsomes
(mitochondrial CYP1A was present in CE livers at 20 to 40% of the microsomal levels and in
rat and mouse livers at 20 to 30% of the microsomal levels [3,8]), (b) strict requirement for
NADPH for catalytic activity as for their microsomal counterparts, and (c) ability to use either
ferredoxin reductase or P450 reductase for electron transfer from NADPH but with greater
effectiveness of ferredoxin reductase for the mitochondrial P450s [2,7].

It has been suggested that a portion of CYP1A1 nascent chains escape transport to the ER and
are imported into the mitochondria after endoprotease cleavage [2,7]. Interestingly, 25 to 33%
of rat CYP1A1 nascent chains resisted ER insertion [3], which is remarkably consistent with
the amounts of mitochondrial CYP1A found in mammalian and CE liver. CYP1A4 and 1A5
both have the conserved positively charged amino acids and endoprotease cleavage sites in the
N-terminal region (see Fig. 1) associated with signaling for mitochondrial import and found
in rat and mouse CYP1A1 and in mouse CYP1A2. However, their migration on SDS-gels
differed less from the microsomal or purified P450s than would be expected, based on cleavage
of amino acids at the sites shown in Fig. 1 (~ 4 kDa), although differences of 0.5 kDa in MW
for CYPs1A4 and 1A5 can be seen on the 10% polyacrylamide gels used here.

PKC-dependent phosphorylation sites have also been identified as potential signals for
translocation of mouse CYP1A1 to mitochondria [7]. Conserved threonines in CYP1A4 and
1A5, as well as in mammalian CYP1A enzymes (see Fig. 1), identified as high-probability
PKC dependent phosphorylation sites, suggest that a phosphorylation dependent mechanism
might be involved for mitochondrial transfer of CYP1A4 and 1A5. Reported activation of PKC
by TCDD [41] is consistent with this hypothesis.

Although the liver is a well recognized site of P450 aa metabolism [21,42] and P450 aa
metabolism was first identified in liver microsomes [43], effects of P450 aa metabolites in liver
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physiology and pathophysiology have not yet been delineated. Effects of EETs on liver cells
or liver microsomes include increased intracellular Ca2+, vasopressin stimulated
glycogenolysis, activation of phosphorylase and ADP ribosylation (reviewed in Spector and
Norris [16]). Moreover, putative targets for cardiovascular actions of EETs (i.e KATP and
BKCa channels, and signaling pathways regulating inflammatory responses, angiogenesis and
cell cycling (via mitogen activated protein kinase (MAPK), Akt and Src-dependent pathways))
are present and active in liver [44,45].

We show here for the first time that mitochondria are a site of P450 dependent aa metabolism,
making it possible that the P450 products have mitochondria-specific effects. For example, it
has been hypothesized that some mitochondrial ion channels can be affected by EETs [46].
Also, EETs and 20-HETE are associated with increased production of reactive oxygen species
[19,47], and could contribute to mitochondrial ROS production. Further, P450 aa products can
activate PPARα, a regulator of mitochondrial fatty acid oxidation [48,49]. Induction of CYP1A
dependent aa metabolism in mitochondria provides a new venue for P450 aa metabolism, one
that has significant implications for affecting mitochondrial function. Further, the
regioisomeric differences in epoxygenase products for mitochondria and microsomes could
result in different biologic effects in microsomes and mitochondria.

The increased DHET production in CE liver mitochondria was the major factor distinguishing
the mitochondrial from the microsomal epoxygenase products. DHETs, conversion products
of EETs, are generated principally by a soluble epoxide hydrolase (sEH; EPHX2) and to a
lesser extent by a microsomal epoxide hydrolase (EPHX1) [15]. Although sEH is primarily
localized in cytosol [50] its presence in mitochondria has been controversial. Initially sEH was
thought to be localized to mitochondria as well as cytosol, but it was subsequently assigned to
peroxisomes in addition to cytosol [35,36,51,52]. Our results indicate that the majority of the
sEH in liver of the CE, as in other species, is in cytosol (about 75%; data not shown). We show
here that sEH is also localized not only in peroxisomes but in mitochondria as well. The results
show further that the mitochondrial sEH is responsible for the mitochondrial DHET formation.

The chick sEH was recognized by an antibody to mouse sEH, and the rank order for conversion
of EETs to DHETs by CE liver sEH observed in these experiments was the same as reported
for the mammalian enzyme: 14,15-EET > 11,12-EET = 8,9-EET, with negligible conversion
of 5,6-EET [16]. The findings are consistent with conservation of structure and function of this
enzyme among species.

Conversion of EETs to DHETs generally reduces EET activities, and DHETs are thought to
have an adverse effect on cardiac function by impairing responses to ischemia-reperfusion
injury and increasing hypertension, perhaps by counteracting the vasodilating effects of EETs,
[16,19]. Accordingly, sEH inhibitors have been proposed for use as antihypertensive agents or
cotherapies for enhancing anti-inflammatory effects of drugs [53]. On the other hand, DHETs
have some of the effects of EETs: they can activate BKCa channels [54] and have been reported
to activate PPARα in rat liver, COS and HepG2 cells [48,55]. Moreover, a R287Q mutation
of human sEH resulting in decreased enzymatic activity has been associated with increased
atherosclerosis and insulin resistance, suggesting a possible protective role for DHETs [56].

Although human CYP1A2 and avian CYP1A5 (more than other mammalian CYP1A2 enzymes
[12,57]) have been demonstrated to have epoxygenase activities, and CYP1A induction was
discovered to enhance aa epoxygenation early in the history of P450 mediated aa metabolism
[43], attention to CYP1A epoxygenase activity has been eclipsed by interest in constitutive aa
epoxygenases such as CYP2C and 2J, P450s, present in vascular endothelial and smooth
muscle cells or heart [19]. Several factors should serve to increase attention to CYP1A2/1A5
mediated aa metabolism: (1) CYP1A2 is induced not only in liver, but in kidney, a well
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recognized site of action for P450-dependent aa metabolites [19,58], (2) CYP1A enzymes are
induced not only by toxic chemicals but also by many aryl hydrocarbon receptor ligands such
as tryptophan derivatives and other substances in food, as well as some endogenous CYP1A
substrates, i.e. bilirubin and melatonin [1,59,60], and (3) CYP1A2, and to a lesser extent
CYP1A1, catalyzes metabolism of those and other endogenous substrates (reviewed in Rifkind
[1]). Thus, CYP1A induction and associated effects may be expected to have much wider
implications than has been appreciated.

These results also have potential implications for TCDD toxicity. TCDD produces a diverse
toxicity syndrome with effects including tumor promotion, immune system dysfunction and a
wasting syndrome characterized by suppressed gluconeogenesis and reliance on fatty acid
metabolism as a source of energy, and cardiac contractile dysfunction [22,24,61]. The
mechanisms by which aryl hydrocarbon receptor activation leads to TCDD toxicity and the
role of the induced CYP1A in TCDD toxicity are not yet understood. Consistent with the picture
of energy failure suggested by TCDD effects, TCDD has been reported to reduce ATP levels
in mouse liver [23]. Mitochondria control energy supply via generation of ATP and fatty acid
metabolism. The discovery that TCDD induces CYP1A enzymes in liver mitochondria
demonstrates that mitochondria are a direct target for TCDD action.

TCDD induces mitochondrial CYP1A4, the avian ortholog of mammalian CYP1A1, to levels
comparable to CYP1A5. CYP1A4 is inactive in aa metabolism, but CYP1A1 has been
implicated in generation of reactive oxygen intermediates which have been considered as
possible mediators of some of the adverse effects of TCDD [62]. Moreover, CYP1A1 knockout
mice exhibit reduced TCDD toxicity [63].

Mitochondria from CE liver, like mouse liver [8], also contained a CYP4 enzyme which
generates 20-HETE. TCDD has been found to suppress formation of 20-HETE in mammalian
and avian liver microsomes [12,13] and is shown here also to suppress 20-HETE in
mitochondria. Notwithstanding the dominant role of 20-HETE as virtually the only constitutive
P450 product in CE liver microsomes and mitochondria, hepatic effects of 20-HETE are
unknown. In the cardiovascular system, 20-HETE has mainly been found to be vasoconstrictive
and is considered a possible factor in hypertension [16,19]. 20-HETE, however, is also an
activator of PPARα [48] and therefore could be involved in alterations of fatty acid metabolism
by TCDD. The consequences of CYP1A4, 1A5 and CYP4 expression in liver mitochondria
and of TCDD effects on CYP aa product formation warrant further investigation.

Finally, we offer a cautionary comment. We found high peroxisomal contamination as shown
by Western blotting in CE and mouse liver mitochondria prepared by standard differential
centrifugation and Percoll gradient techniques. Although peroxisomal contamination of
mitochondrial preparations measured by peroxisome-specific enzyme assays had been well
recognized [36] a search of more recent literature revealed that studies examining
mitochondrial function rarely looked for peroxisomal contamination. Peroxisomes are the
locus of catalase, a major determinant of reactive oxygen species production [64], and they
share mitochondrial functions including β-oxidation of fatty acids [65]. As peroxisomal
contamination is potentially a confounding factor in studies of mitochondrial function, it should
be excluded routinely.
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Figure 1. Comparison of CYP1A N-terminal amino acid sequences: conserved mitochondrial
targeting signals
N-terminal amino acid sequences of chicken CYP1A4 (accession #: NP_990478) and CYP1A5
(accession #: NP_990477), mouse CYP1A1 (accession #: NP_034122) and CYP1A2
(accession #: NP_034123), human CYP1A1 (accession #: NP_000490) and rat CYP1A1
(accession #: NP_036672) were aligned using DNASTAR software (ClustalW method). The
three conserved positively charged amino acids indicated by the ‘+’ preceding the proline-rich
hinge region that constitute the mitochondrial targeting signal are shown. Circles indicate
putative phosphorylation sites; predicted cleavage sites are underlined.
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Figure 2. TCDD induced CYP1A4 and 1A5 and associated enzyme activities in mitochondria
isolated by Percoll density gradient centrifugation
Microsomes (micros.) and mitochondria (Percoll mito.) were prepared from livers of 17 day
old CE 24 hr after treatment with TCDD at 1 nmol/egg or the solvent dioxane (control) (3
groups each for control and TCDD treated CE, 8 to 10 eggs per group). Mitochondria were
isolated using a Percoll density gradient; microsomes were prepared from the same livers,
concurrently, as described in “Materials and Methods”. a. Mitochondrial purity.
Representative Western blot of Percoll mitochondria and microsomes from one of six groups
using antibodies against porin (mitochondrial marker, 31 kDa), calnexin (ER marker, 78 kDa)
and P450 reductase (ER marker, 78 kDa), at 20 and 50 μg protein per lane; samples from control
or TCDD treated CE produced essentially the same results. b. CYP1A4 and 1A5. Western
blotting of mitochondria and microsomes with antisera immunoselective for CYP1A4 or 1A5
(55 and 55.5 kDa, respectively); 10 μg of protein per lane. See Fig. 4c for specificity of
antibodies. c. CYP1A4 mediated EROD activity. Mean values ± SE are shown (n = 3 for
control and TCDD treated groups). d. P450-dependent arachidonic acid (aa) metabolism.
Representative reverse phase HPLC chromatograms for P450-dependent aa metabolism by
liver mitochondria and microsomes assayed as described in “Materials and Methods”.
Retention times for EETs and DHETs (min) are as follows: 25.5–27.0 (5, 6 EET); 24.8–25.5
(8, 9 EET); 24.0–24.8 (11, 12 EET); 22.8–23.8 (14, 15 EET); 14.5–15.8 (8, 9 DHET); 13.5–
14.5 (11, 12 DHET) and 12–13.5 (14, 15 DHET). Retention time for 20-HETE (ω): 16.0–17.5
min, for aa: 32.5 – 35 min. Total counts (cpm) for each chromatogram (left to right): 170,924;
168,865; 173,800 and 177,203; 75 μg protein per reaction mixture. Peaks eluting before 10
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min are polar non-enzymatic breakdown products present also in the blanks (aa metabolism
reaction mixtures without tissue or NADPH). Results for the two other control and TCDD
treated groups were essentially identical.
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Figure 3. Peroxisomal contamination of mitochondrial fractions and isolation of peroxisomes
Samples shown are representative of livers from three independent groups of control and
TCDD-treated CE. No differences were observed in the results using samples from control or
TCDD treated CE. a. Western blots showing peroxisomal contamination of mitochondria
prepared by Percoll-gradient or differential centrifugation. Mitochondria isolated by
differential centrifugation (10,000g pellet), or utilizing a Percoll density gradient (Percoll
mitochondria) and microsomes, immunoblotted using antibodies for porin (mitochondrial
marker, 31 kDa), calnexin (ER marker, 78 kDa) and PMP70 (peroxisomal marker, 70 kDa).
b. Isolation of peroxisomes free of mitochondria and a mitochondrial fraction (2,000g
mitochondria) free of peroxisomes. Western blots of peroxisomes isolated using a
Peroxisome Isolation Kit (Sigma-Aldrich), the 2000g mitochondria produced during that
procedure, Percoll mitochondria and microsomes, using antibodies against PMP70 and porin.
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Figure 4. P450 levels and activities in 2,000g mitochondrial preparations; CYP1A4 mitochondrial
localization by immunofluorescence
2,000g mitochondria and microsomes were prepared as described in “Materials and Methods”
from CE liver 24 hr after treatment with TCDD at 1 nmol/egg or dioxane, the solvent control,
(8–10 eggs per group). a. Mitochondrial purity. Western blots of six groups of 2,000g
mitochondria (from 3 control and 3 TCDD-treated groups of CE) using antibodies for porin
(mitochondrial marker, 31 kDa) and calnexin (ER marker, 78 kDa); 40 and 80 μg of protein/
lane. Microsomes from livers of control and TCDD treated CE are shown for comparison, at
80 μg of protein/lane. b. Western blotting for P450 reductase and ferredoxin reductase.
Representative Western blots for microsomes and 2,000g mitochondria from control and
TCDD treated CE, with antibodies to ferredoxin reductase or P450 reductase (48 and 78 kDa,
respectively); all samples at 10 μg of protein/lane. c. Western blotting for CYP1A4 and
CYP1A5. Representative Western blots for microsomes (lanes 1 and 2) at 10 μg per lane and
2,000g mitochondria (lanes 3–6), at 10 to 40 μg per lane, from control and TCDD treated CE
livers, using immunospecific antibodies for CYP1A4 or CYP1A5 (55 and 55.5 kDa,
respectively); last two lanes: purified CYP1A4 and CYP1A5 at 1.0 pmol/lane to demonstrate
specificity of the antibodies. d. Western blotting for CYP4. Representative immunoblot for
microsomes and 2,000g mitochondria from control and TCDD treated CE livers with an
antibody to chick CYP4 (53 kDa) (see “Materials and Methods”); 25 μg of protein per lane.
Microsomes and 2,000g mitochondria from the same membrane are shown (dotted line
indicates where samples not relevant to these data were deleted from the picture shown). e.
Immunofluorescence evidence for colocalization of CYP1A4 and mitochondria. D17
fibroblasts were stably transfected with a pCXIZ-CYP1A4 sense construct (see “Materials and
Methods”). Cells were incubated with primary antibody to CYP1A4, using donkey anti-rabbit
Alexa Fluor 488 as the secondary antibody (upper left panel), Mitotracker 580 to stain
mitochondria (upper right panel) and DAPI (Sigma-Aldrich) to stain nuclei (lower left
panel). Overlay (lower right panel) shows colocalization of mitochondria and CYP1A4
(yellow signal). An Axiovert 35, Zeiss fluorescence microscope was used for visualization
(images shown were acquired at 63x). f. CYP1A4 mediated EROD activity. Values (mean
± SE) for EROD activity in microsomes and 2,000g mitochondria (n = 3 for each group). g .
P450-dependent arachidonic acid (aa) metabolism. Representative HPLC chromatograms
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for P450-dependent aa metabolism by microsomes and 2,000g mitochondria from livers of
control and TCDD treated CE, assayed at 75 and 150 μg protein per reaction mixture, for
microsomes and mitochondria, respectively. Retention times for EETs, DHETs, 20-HETE and
aa (min) as in Fig. 2d. Total counts (cpm) clockwise from top left to bottom left were 168,742;
186,617; 184,784 and 174,994.
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Figure 5. Mitochondrial soluble epoxide hydrolase
a. Presence of soluble epoxide hydrolase (sEH) in CE liver mitochondria and
peroxisomes. Western blots of peroxisomes, 2,000g mitochondria and microsomes prepared
as described in “Materials and Methods”, with antibodies to soluble epoxide hydrolase
(EPHX2/sEH, 63 kDa) and PMP70 (peroxisomal marker, 70 kDa). The blot shows
representative samples from control livers. b. DHET formation by peroxisomes and
2,000g mitochondria. Four, 8 and 16 μg of protein from peroxisomes (squares) and
mitochondria (triangles) from control CE livers were added to standard reaction mixtures for
assaying microsomal aa metabolism, using microsomes from TCDD-treated CE liver (75 μg
microsomal protein per reaction mixture) to generate EETs, as described in “Materials and
Methods”. The production of EETs and DHETs after 10 min of incubation was measured.
DHET formation, reflecting the sum of 8,9–11,12- and 14,15-DHETs (5,6-DHET was absent),
is plotted in the graph. DHETs formed by microsomes alone (without addition of peroxisomes
or 2,000g mitochondria; see Fig. 4g for example) were subtracted. c. Conversion by
mitochondria of [1-14C] 11,12 and 14,15 EETs to the corresponding DHETs. [1-14C] 11,12
or 14,15 EET were incubated alone (top panels) or with 2,000g mitochondria from control
(untreated) CE liver (bottom panels), at 50 μg of mitochondrial protein, for 20 min in a shaking
water bath at 37°. The reaction was stopped and products were extracted and resolved on HPLC
as described for aa metabolism in “Materials and Methods”. The EETs and corresponding
DHETs exhibited the expected retention times (see legend to Fig. 2d). Total cpm in the
chromatogram pairs were comparable: 1288 and 1505 for 11,12 EET alone or with
mitochondria respectively, and 414 and 467 for 14,15 EET alone or with mitochondria. d.
AUDA inhibits DHET formation by mitochondria. Reverse phase HPLC chromatograms
for aa metabolism by 2,000g mitochondria (150 μg per reaction mixture) from livers of CE
treated with TCDD for 24 hr in the absence (left panel) or presence (right panel) of 330 nM
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of AUDA are shown. Total cpm were 154,179 and 145,361 for the left and right panels
respectively. Arachidonic acid metabolism was assayed as described in “Materials and
Methods” except that mitochondria were first preincubated with AUDA for 10 min at 30°
before adding the other components of the reaction mixture. The right panel shows the dose
response relationships for suppression of DHET formation by AUDA at 10 to 330 nM (squares,
EETs; triangles, DHETs). The distribution of EETs and DHETs in the absence of AUDA (43.3
± 1.2 % and 56.7 ± 1.2 %, respectively) are plotted on the y axis; the SE is included in the
symbol. Control values for mitochondrial EET and DHET formation in the absence of AUDA
(pmol/mg/min ± SE) were 103 ± 5.6 for EETs, and 133 ± 3.8 for DHETs, n = 3.
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