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SUMMARY
In addition to being one of the most toxic chemicals known,

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most potent
inducer of rat liver microsomal cytochrome P4501 Al (P-450c).
Previous studies have demonstrated that a high affinity, low
capacity cytosolic receptor(the Ah receptor) mediates the activity
of TCDD to induce cytochrome P4501 Al , which catalyzes
benzo[a]pyrene hydroxylation [aryl hydrocarbon hydroxylase

(AHH)] and 7-ethoxyresorufin O-dealkylation (EROD). The results
of the present study indicate that 6-methyl-l ,3,8-trichlorodiben-
zofuran (MCDF) effectively competes with [3H]TCDD for binding
to the Ah receptor in rat liver cytosol. The concentration of MCDF
effecting 50% displacement of [3H]TCDD was 4.9 x 1 0� M,
which is �50 times greater than the ECro for unlabeled TCDD
(-�-l x 1 0-� M). However, in contrast to TCDD, MCDF was only
a weak inducer of AHH and EROD activity in rat hepatoma H-4-
II cells in culture. When co-incubated, MCDF diminished in a
concentration-dependent manner the ability of TCDD to induce

AHH and EROD activity in vitro. Treatment of rats with 20-200
�mol/kg MCDF in vivo had little or no effect on liver microsomal
AHH and EROD activity, whereas treatment of rats with 1 6 nmol/
kg TCDD caused a 6- and a 70-fold induction of AHH and EROD

activity, respectively. When co-administered, MCDF diminished

by -50% the ability of TCDD to induce AHH and EROD activity
in vivo. The partial antagonism produced by 50 ,�mol/kg MCDF
could be partially overcome by doubling the dosage of TCDD
from 1 6 to 32 nmol/kg. Immunochemical analysis of rat liver
microsomes revealed that treatment of rats with 20-200 �moI/
kg MCDF caused little or no induction of cytochromes P-45OlAl
and P-450l A2 (P-450d), whereas these isozymes were induced
33- and 5-fold, respectively, in rats treated with 16 nmol/kg
TCDD. When co-administered, MCDF diminished by ---50% the
ability of TCDD to induce cytochrome P-4501 Al in vivo, which
established that MCDF was not simply acting as an inhibitor of
AHH and EROD activity. MCDF also antagonized the ability of
TCDD to induce cytochrome P-4501 A2, which suggests that the
induction of both cytochromes P4501 Al and P-450l A2 is reg-
ulated by the Ah receptor. These results indicate that MCDF
binds with high affinity to the Ah receptor in rat liver cytosol and
competitively blocks the binding of TCDD. However, MCDF is
only a weak agonist and, as such, can antagonize the ability of
TCDD to induce rat liver microsomal cytochromes P-450l Al and
P-4501 A2 and associated monooxygenase activity. Its antago-
nistic properties may make MCDF a valuable probe to study the
role of the Ah receptor in mediating the teratogenic, toxic, and
other biochemical effects of TCDD and related compounds.

TCDD and several structurally related halogenated aryl hy-
drocarbons elicit a broad spectrum of toxic and biologic effects,
which include teratogenicity and reproductive dysfunction,
hepatotoxicity and porphyria, dermal toxicity, endocrine-re-
lated disorders, carcinogenicity, immunotoxicity, a wasting
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syndrome, and the induction of several enzymes including

cytochrome P-450-dependent microsomal monooxygenases (re-

viewed in Refs. 1-5). TCDD is a potent inducer of liver micro-

somal benzo[a]pyrene hydroxylase (AHH) and EROD in rats

and in certain responsive strains of mice (typified by C57BL/6

mice). In other nonresponsive strains of mice (typified by DBA/

2 mice), the potency with which TCDD induces AHH and

EROD is significantly reduced (6, 7). It has been proposed that

the mechanism of enzyme induction involves initial binding of
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Fig. 1. Synthesis of MCDF.
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TCDD to a receptor protein in target cells. Studies with [3H]

TCDD revealed the presence of a high affinity, low capacity

Ah receptor protein in hepatic cytosol from C57BL/6 mice, but

not from DBA/2 mice (1, 2, 8-10). Several studies with respon-
sive and nonresponsive mice and their offspring have demon-

strated that AHH induction, porphyria, immunotoxicity, and

teratogenicity all segregate with the Ah locus (1, 2, 6, 7, 11-14).

The Ah receptor has been identified in diverse animal species,

tissues, and mammalian cell lines (8-10, 15-17). Poland et at.

(18) have demonstrated that covalent modification of the

C57BL/6 mouse hepatic receptor with a photoaffinity reagent

gave a covalently labeled protein with an apparent molecular

weight of 95,000 (estimated from its relative mobility during

sodium dodecyl sulfate-polyacrylamide gel electrophoresis).

Recent studies in our laboratory have identified several com-

pounds, namely, the PCB mixture, Aroclor 1254, and 1,3,6,8-
and 2,4,6,8-tetrachlorodibenzofuran, which partially antagonize

one or more Ah receptor-mediated responses (i.e., teratogenic-

ity, immunotoxicity, and AHH induction) in mammalian cells

in culture or in C57BL/6 mice (19-21). These TCDD antago-

nists typically exhibit weak agonist activity (<10� times as

active as TCDD) and moderately high Ah receptor-binding

affinities, which suggests that these weak agonists act as partial

antagonists by competing with TCDD for binding to the Ah

receptor. A similar mechanism of action has been proposed for

1-amino-3,7,8-trichlorodibenzo-p-dioxin, which antagonizes

the immunotoxic effects of TCDD (22).
This study describes the synthesis of MCDF and demon-

strates MCDF to be an effective antagonist of the TCDD-

mediated induction of cytochrome P-450 isozymes and associ-

ated monooxygenase activity in male rats and in rat hepatoma

H-4-II E cells in culture.

Materials and Methods

Chemicals and biochemicals. 2-Methyl-4-chlorophenol, isoamyl

nitrite, and 2,4,6-trichloroaniline were purchased from Aldrich Chem-
ical Co. (Milwaukee, WI). [3HJTCDD, ethoxyresorufin, and 2,3,7,8-

tetrachlorodibenzofuran were synthesized in our laboratories, with
purities >99%. Benzo[a]pyrene, NADP, NADPH, D-glucose 6-phos-
phate, D-glucose-6-phosphate dehydrogenase, rhodamine B, bovine

serum albumin, and Hepes were purchased from Sigma Chemical Co.
(St. Louis, MO). HAP was purchased from Bio-Rad Laboratories (La
Jolla, CA).

Synthesis and characterization of MCDF. MCDF was synthe-
sized according to the scheme in Fig. 1. 2-Methyl-4-chlorophenol (20

g) and 2,4,6-trichloroaniline (5 g) were mixed and heated with stirring
to 120’; isoamyl nitrite (6 ml) was added dropwise over 30 mm and the

mixture was stirred for 18 hr at 120’. The excess phenol was removed

by evaporation, and the residue was adsorbed on silica gel and added

to the top of a silica gel column packed with petroleum spirit/diethyl
ether (3:7). The column was eluted with 500 ml of the above solvent,

the solvent was evaporated, and the residue was redissolved in dimethyl
sulfoxide. Anhydrous potassium carbonate (500 mg) was added and the

mixture, which was stirred for 2 hr at 190’, was adsorbed on silica gel.
After the solvent was evaporated, the silica gel was added to the top of

a silica gel column packed and equilibrated with petroleum spirit.
MCDF was eluted from the column with petroleum spirit (500 ml) and

the residue was crystallized from anisole/methanol (9:1). The product
(280 mg) was >99% pure as determined by gas chromatographic analy-

sis, and a molecular weight (M�) of 284 was confirmed with a VG 12000
quadrupole mass chromatograph coupled to a Hewlett-Packard 500 gas

chromatograph. The 220-MHz proton magnetic resonance spectrum

(in deuterochloroform) was determined with a Varian XL200 spectrom-

eter and gave (in CDC13): 8.07 (H-9, d, J = 1.6 Hz) 7.48, 7.33 (H-i/H-

3, d, J = 1.6 Hz); 7.29, 7.29 ppm (H-7, m).

Animal treatment, isolation of microsomes, and monooxy-
genases enzyme assays. Immature, male Long Evans rats (‘-100 g

body weight) were purchased from Timco Breeding Laboratories (Hous-
ton, TX). The animals were housed in stainless steel cages, allowed

free access to water and Purina Rat Chow 5002, and maintained on a
12-hr light cycle. MCDF and TCDD were dissolved in corn oil and

administered individually or together to rats by intraperitoneal injec-

tion (5 ml/kg). Four rats were used in each treatment group, and corn

oil-treated animals (5 ml/kg) served as controls. Three days after

treatment, the animals were killed by cervical dislocation and liver

microsomes were prepared as described (22). Microsomal AHH and
EROD activity was measured by the fluorometric methods of Nebert
and Gelboin (23), and of Pohl and Fouts (24), respectively. Protein
concentration was determined by the method of Lowry et at. (25), with

bovine serum albumin as standard. The concentration of cytochrome

P-450 was determined by the method of Omura and Sato (26) from the

CO difference spectrum of dithionite-reduced microsomes based on an
extinction coefficient of 91 mM�’ cm’. Spectra were recorded on an

Aminco DW-2A spectrophotometer.

Purification of antigens and immunochemical quantitation

assays. Liver microsomal cytochrome P-450iAi was purified to ho-
mogeneity from Aroclor 1254-treated rats, whereas cytochrome P-
4501A2 was purified from isosafrole-treated rats, as described previ-

ously (27, 28). Antibodies to cytochromes P-4501A1 and P-4501A2 were
raised in rabbits. The purification of the immunoglobulin fraction from

each antiserum included absorption chromatography with appropriate
heterologous antigens covalently bound to Sepharose 4B, as previously

described (29). The concentrations of cytochromes P-4501A1 and P-

4501A2 were determined by single radial immunodi.ffusion (29, 3#{216})#{149}1

1 According to a recently recommended nomenclature system for cytochromes

P-450 (31), rat cytochromes P-450c and P-450d are encoded by genes IA1 and
1A2, respectively.
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Fig. 2. Sucrose density gradient profiles of the [3H]TCDD rat liver
receptor complex in the presence of 0 (is), 5- (U), 10- (A), and 100- (0)
fold excess of MCDF and a 300-fold excess of 2,3,7,8-tetrachiorodiben-
zofuran (-) (for complete displacement of the radioligand). The assay
procedure was determined as described (1 9, 21).
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Fig. 3. Double reciprocal plot of the saturation binding of [3H]
TCDD in the presence of different concentrations of MCDF (8.0
x 1 0-s, 2.0 x 10�, and 1 .0 x 10� M). The linear correlation
coefficients were >0.99 for all plots. Binding of [3H]TCDD to the
rat liver cytosolic receptor was determined by an HAP chromato-
graphic procedure (21 , 32).
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Receptor binding assays. The ECre for the competitive displace-

ment of [3H]TCDD from hepatic cytosol (3-5 mg of protein/nd) by
MCDF was determined by the HAP procedure of Gasiewicz and Neal
(32) as described by Bannister et at. (21). The same procedure was used
determine the receptor binding of different concentrations of [3H]
TCDD in the presence of several concentrations of MCDF. Sucrose

density gradient analysis of [3H]TCDD-receptor complexes in the

presence of different MCDF concentrations was determined as de-

scribed (21).

Enzyme induction in cultured cells. Rat hepatoma H-4-II E cells

were kindly supplied by Dr. J. Bradlaw, Food and Drug Administration
(Washington, D. C.). The culture conditions, enzyme induction exper-

iments, and methods used for the AHH and EROD assays were carried

out as previously described (21).

Results

MCDF caused a concentration-dependent displacement of

[3H]TCDD from rat hepatic cytosolic receptor protein as de-

termined by a sucrose density gradient (Fig. 2) and an HAP

assay procedure. Using the HAP procedure (1 nM [3H]TCDD,
3-5 mg of protein/ml of cytosol), the concentration of MCDF

that displaced 50% of the bound TCDD was 4.9 x 10_8 M. The

ECro value is about 50 times higher than that obtained for

unlabeled TCDD (1.0 x iO� M). Double reciprocal (Line-

weaver-Burke) plots of the [3H]TCDD receptor-binding data

in the presence of different concentrations of MCDF by the
HAP assay method are shown in Fig. 3. The plots were all

linear and intercepted on the y axis. These data indicate that

MCDF acts as a competitive inhibitor of the interaction be-

tween [3H]TCDD and the rat liver receptor protein.

The ability of TCDD, MCDF, and a combination of TCDD

plus MCDF to induce AHH and EROD in rat hepatoma H-4-

II E cells is summarized in Table i. The EC� values for the

induction of AHH and EROD by TCDD in these cells were 9.8
x 10-” and 1.9 x i0’#{176}M, respectively, and 80-100% maximal

induction was observed at concentrations of TCDD between

7.75 x 10-’#{176}and 10_8 M. In contrast, MCDF caused a concen-

tration-dependent induction of AHH and EROD at concentra-

tions of i0� and i0� M. At an MCDF concentration of i0�

M, the induction of the monooxygenases was decreased due to

cytotoxicity. Treatment of the cells with both TCDD (i08 or

7.75 x 10-’#{176}M) plus MCDF (i0� and i0� M) resulted in

significant inhibition of the induction of AHH and EROD by

both concentrations of TCDD.
The ability of TCDD, MCDF, and a combination of both

TCDD plus MCDF to induce rat liver microsomal AHH and

EROD is summarized in Table 2. MCDF did not significantly

induce hepatic microsomal AHH at dosages of 20, 50, and 200

�tmol/kg, whereas a 4-fold induction of EROD was observed in

rats administered the highest dose of MCDF. In contrast,

treatment of rats with 16 nmol/kg TCDD resulted in a 6- and

a 70-fold induction of AHH and EROD, respectively. Based on

previous studies, this dosage of TCDD was estimated to result

in submaximal induction of EROD activity (3). Treatment of

the rats with both MCDF (20, 50, or 200 �tmol/kg) and TCDD

(16 nmol/kg) resulted in significant antagonism of the TCDD-

mediated induction of AHH and EROD. Moreover, the partial

antagonism by MCDF at a dosage of 50 �zmol/kg could be

partially overcome by treatment of rats with a higher dosage of

TCDD (32 nmol/kg).

Table 3 summarizes the effects of treating rats with TCDD,

MCDF, or both TCDD and MCDF on the levels of liver

microsomal cytochromes P-450iAi and P-4501A2. TCDD (16

nmol/kg) treatment resulted in a 33- and a 5-fold induction of

cytochromes P-4501A1 and P-4501A2, respectively. In contrast,

treatment of rats with MCDF (at doses of 20, 50, and 200 �smol/

kg) did not significantly induce either cytochrome P-450 iso-

zyme. Treatment of the animals with both TCDD (16 nmol/

kg) and MCDF (20, 50, and 200 �tmol/kg) resulted in significant

inhibition of the TCDD-mediated induction of both cyto-

chromes P-4501A1 and P-4501A2.

Discussion

Receptor antagonists can be effectively used as probes for

understanding the mechanism of receptor-mediated processes.
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a Cytotoxicity was observed.
b775 x 10-’#{176}M.

a The low and high doses of TCDD were 16 and 32 nrnol/kg, respectively.
b 5j��jf�fl.� lower (p < 0.01) than values observed for induction by TCDD (16

nmol/kg) alone.
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TABLE 1
Effects of TCDD, MCDF, and TCDD plus MCDF as inducers of AHH
and EROD in rat hepatoma H-4-lI E cells in culture

lnduc& Concentration EROD AHH

M pmol/rrsg/min

Solvent 1.20±0.40 0
MCDF 1 0-� 26.7 ± 1 .64 16.7 ± 4.70
MCDF 1 o-� 31 .5 ± 1 .08 33.9 ± 3.05
MCDF io� 14.4 ± 0.64 19.8 ± 2.57

TCDD low conc.�’ 77.0 ± 3.11 84.1 ± 12.5
TCDD plus MCDF iO� 39.1 ± 4#{149}44c 35.6 ± 3.32c
TCDD plus MCDF l0� 16.8 ± 0.43c 16.5 ± 6.18c
TCDD plus MCDF 10� a � 4�4 � � � 6C 12.7 ± 7.40c

TCDD high conc.” 91 .7 ± 2.53 109 ± 9.85
TCDD plus MCDF 10� 47.6 ± 3.41 a 56.3 ± 4.61#{149}
TCDD plus MCDF 10� 18.0 ± 0.84#{176} 15.9 ± 1 �99e
TCDD plus MCDF 10_5a 14.8 ± 0.62 15.9 ± 1.81#{176}

C Significantly lower (p < 0.01) than observed after treatment of the cells with

TCDD at a concentration of 7.75 x 1 0’#{176}M.
dl x 10#{176}M.

. significantly lower (p < 0.01) than observed after treatment of the cells with
TCDD at a concentration of 1 x 10#{176}M.

TABLE 2

Induction of liver microsomal AHH and EROD in rats administered
TCDD, MCDF, or both
Values are the mean ± standard deviation of four determinations.

Treatment Dose EROD AHH

�mo!/kg pmol/rngpro(ein/min

Corn oil 53 ± 22 31 5 ± 36
MCDF 20 100 ± 40 337 ± 53
MCDF 50 132 ± 16 337 ± 7

MCDF 200 230 ± 45 373 ± 47

TCDD low dose#{176} 3702 ± 41 0 1 921 ± 100
TCDD plus MCDF low dose#{176}

20
1729 ± 450b 1208 ± 1 1 7b

TCDD plus MCDF low dose#{176}
50

1481 ± 361 b 042 ± 13”

TCDD plus MCDF low dosea
200

1612 ± 600” 1007 ± 270”

TCDD high dose#{176} 45�4 ± 340 301 3 ± 318
TCDD plus MCDF high dose#{176}

50
3369 ± 252 2554 ± 233

TABLE 3
Induction of liver microsomal cytochrome P-450 and P-450
isozymes in rats administered TCDD, MCDF, or both
vaiues are the mean ± standard deviation of four determinations.

cytochrcxneP.450
Treatment#{176}

Tot� P-4501A1 P-4501A2

nmol/mg

Corn oil 0.885 ± 0.084 0.01 ± 0
MCDF (20) 0.943 ± 0.150 0.01 ± 0
MCDF (50) 0.990 ± 0.144 0.01 ± 0
MCDF (200) 0.973 ± 0.115 0.01 ± 0

TCDD 1 .45 ± 0.046 0.33 ± 0.03
TCDD plus MCDF (20) 1 .27 ± 0.081 0.1 5 ± 0.02”
TCDD plus MCDF (50) 1.15 ± 0.158 0.16 ± 0.03b
TCDD plus MCDF (200) 1 .32 ± 0.121 0.16 ± 0.02”

a Rats treated with TCDD received 1 6 nmol/kg. MCDF was administered at

dosages of 20, 50, or 200 �mol/kg as indicated in parentheses.
b Significantly lower (p < 0.01) than values observed for induction by TCDD

(0.016 ,anol/kg) alone.

0.04 ± 0.01
0.04 ± 0.01
0.04 ± 0.01
0.04 ± 0.01

0.20 ± 0.03
0.09 ± 0.03”
0.06 ± 0.03”
0.04 ± 0.02”

For example, the triphenyl ethylene estrogen receptor antago-

nists have been widely utilized to investigate the mechanism of

estrogen action (23). Research in our laboratory on the devel-

opment and identification of Ah receptor antagonists or partial

antagonists has focused on PCBs, dibenzofuran, and dibenzo-

p-dioxin congeners and mixtures which exhibit moderate Ah

receptor-binding affinities but are weak agonists for one of the

most sensitive and well characterized Ah receptor-mediated

responses, namely, the induction of the cytochrome P-450-

dependent monooxygenases, AHH and EROD (19-21). Prelim-

mary screening studies with rat hepatoma H-4-II E cells in

culture have shown that the commercial PCB mixture, Aroclor

1254, and 1,3,6,8- and 2,4,6,8-tetrachlorodibenzofuran antago-

nized the induction of AHH and EROD by TCDD (19, 21).

Aroclor 1254 also antagonized the action of TCDD as a tera-

togen, as an immunotoxin, and as an inducer of liver microso-

mal AHH and EROD in C57BL/6 mice (20, 21). 1,3,6,8-

Tetrachlorodibenzofuran also exhibited Ah receptor antagonist

properties in the mouse (34); however, neither Aroclor 1254

nor 1,3,6,8-tetrachlorodibenzofuran was active as antagonists

in the rat (data not shown).

MCDF is a methyl-substituted analog of 1,3,6,8-tetrachloro-

dibenzofuran that exhibits relatively high competitive Ah re-

ceptor-binding affinity (EC� = 4.9 x 10_8 M by the HAP assay;

Fig. 3) and low agonist activity for the induction of AHH or

EROD in rat hepatoma H-4-II E cells in culture (Table 1).

Moreover, the results oftreatment with both TCDD and MCDF

demonstrated that MCDF antagonizes the induction of AHH

and EROD by TCDD in rat hepatoma cells. MCDF is a weak

inducer of liver microsomal EROD in the rat but has no

significant effect on AHH activity. However, treatment of the

animals with both TCDD (16 nmol/kg) and MCDF (20, 50, or

200 �tmol/kg) resulted in a >50% inhibition of the TCDD-

mediated induction of EROD activity at all dosages of MCDF,

and comparable results were observed for the induction of AHH

activity. This antagonism by MCDF could be overcome, in part,

by doubling the dose of TCDD, which suggests that MCDF

does not simply act as an inhibitor of AHH and EROD activity.

In rat liver, cytochromes P-4501A1 and P-4501A2 are the

major isozymes induced by TCDD (29). These isozymes are

also co-inducible by several other xenobiotics, including 3-

methylcholanthrene, various PCBs and polybrominated bi-

phenyls, isosafrole, fl-naphthoflavone, and phenothiazine (29,

30, 35). Cytochromes P-4501A1 and P-4501A2 possess high

regions of primary amino acid sequence homology and are

immunochemically related to each other (29, 36-39). Extensive

structure-activity studies with PCBs and polybrominated bi-

phenyls as inducers of AHH, EROD, cytochromes P-4501A1

and P-4501A2, and as ligands for the Ah receptor (30, 35, 40)

support a role for the Ah receptor in mediating the induction

of both cytochrome P-450 isozymes. The results summarized

in Table 3 confirm that TCDD co-induces cytochromes P-

4501A1 and P-4501A2, whereas MCDF was inactive as an

inducer of these hemoproteins at dosages of 20, 50, and 200

�imol/kg. Treatment of rats with both TCDD and MCDF

resulted in antagonism of the TCDD-mediated induction of

cytochromes P-4501A1 and P-4501A2. At the highest concen-

tration of MCDF (200 �imol/kg) there was complete inhibition

ofthe induction ofcytochrome P-4501A2. The ability of MCDF
to antagonize the activity of TCDD to induce immunochemi-

cally reactive cytochromes P-4501A1 and P-4501A2 established
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that MCDF was not simply acting as an inhibitor of AHH and

EROD activity.

Two groups have reported the noncoordinate regulation of

the cytochrome P-4501A1 and P-4501A2 mRNAs in rats (41,

42), whereas Hardwick et at. (43) have concluded that both

mRNAs are coordinately regulated. The differences in these

observations have been discussed (41) and have been attributed

to several factors including the use of different chemical induc-

ers and different methods for measuring P-450 mRNA levels.

Comparable studies in mice support the role of the Ah receptor

in the induction of the corresponding murine cytochrome P-

450 mRNAs by aromatic hydrocarbons (44), and it has been

suggested (41) that noncoordinate regulation of the rat mRNAs

does not exclude a role for the Ah receptor in this process. The

results obtained in this study with MCDF provide further

support for the role of the Ah receptor in the induction of the

final mRNA translation products, namely, cytochromes P-

4501A1 and P-4501A2. Double reciprocal plot analysis of the

competitive binding of MCDF and [3HJTCDD (Fig. 3) suggests

that MCDF acts as a competitive inhibitor that can decrease

binding of the agonist (TCDD) with the Ah receptor. The

identification of MCDF as an Ah receptor antagonist will

facilitate future studies on the role of the Ah receptor in

mediating the teratogenic, toxic, and other biochemical effects

of TCDD and related compounds. Such studies are currently

in progress.
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