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Abstract-Treatment of pregnant rats with 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) resulted in a 
dose-dependent induction of a mixed-function oxidase system in fetal and maternal extra-hepatic tissues. 
At doses of 6pg/kg, aryl hydrocarbon hydroxylase (AHH) activity was increased 24-, 22- and 4-fold 
in fetal lung, kidney and skin, respectively, while maternal lung, kidney and adrenal AHH activity 
was increased 4-, 2- and 2-fold respectively. High-pressure liquid chromato~aphic (H.P.L.C.) analysis 
of benz~a)pyrene (BP) metabolism after TCDR induction indicated that fetal lung, kidney and skin 
produced signi~cant quantities of ~nz~a)pyrene-7,8-dihydr~iol (BP-7,8-d~ol), ~nz~a)pyrene-4,5- 
dihydrodiol (BP-4,5-dial) and 9- and 3-phenols of BP. The fetal liver produced benzo(a)pyrene-9,~0- 
d~hydr~iol (BP-9,1~-dial), BP-l,S-dial, BP-7,8-dial and 9- and 3-phenols of BP. Maternal lung also 
produced BP-9,fO-diot, while maternal adrenal gland yielded primarily the 9-phenol of BP. Epoxide 
hydratase activity was increased 2- to 3-fold in maternal lung, fetal lung and skin after TCDD pretreat- 
ment, but was not affected significantiy in liver, kidney or placenta. Treatment of pregnant rats with 
TCDD increased the covalent binding of BP to DNA in preparations containing maternal liver, lung 
and placenta as well as fetal liver, lung and skin. Pretreatment with TCDD resulted in increased 
epoxide hydratase and AHH activities in extra-hepatic tissues but only AHH was increased in hepatic 
tissues, indicating that the inducing capabilities of TCDD differ from, but share some similarities 
with, both phenobarbital (PB) and 3-methylcholanthrene (MC). Thus, TCDD appears to provide an 
exceptionally potent and broad-spectrum transplacental induction of carcinogen-transforming enzymes 
in extra-hepatic tissues. 

Chlorinated dibenzodioxins and chlorinated dibenzo- 
furans occur as co~t~inants in many technical and/ 
or industrial products related to the polychlorinated 
phenols. The most toxic of the dibe~~iox~ns, 
2,3,7,8-tetrach~or~ibenzo-~-dioxin (TCDD), was the 
teratogeni~ cont~inant found in the heavily used 
defoliant “Agent Orange”, a phenoxyacetic acid herbi- 
cide Cl]. This highly toxic compound possesses a per- 
cutaneous LDSO for guinea pigs of less than 1 pgjkg 
[2], is toxic to primates [3], chickens, mice and horses 
[4], and has an oral LD50 in rats of lOO/~g/kg [3]. 
It has also proven to be an extremely potent tera- 
togen in laboratory animals [S]. Subacute or chronic 
exposure to low levels of TCDD produces chloracne 
in man [cl] and causes acute and chronic histopatho- 
logic changes in liver, kidney and gastric mucosa [3]. 

The potency of TCDD as an inducer of the mixed- 
function oxygenase system in rats was evidenced by 
a 30-fold induction of aryl hydrocarbon hydroxylase 
(AHH) with as little as lOpg/kg [7]. Exposure to 
TCDD increased AHH activity by as much as 3000 
times [S], also increased S-amino-levulinic acid syn- 
thetase activity, and has appeared to be similar to 
3-methylcholanthrene (MC) as an enzyme inducer Cl]. 
High levels of induction have been reported in rats 
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[l], human lymphocyte [9], mice [lo] and ‘non- 
responsive’ mice [ll]. Previous studies from our 
laboratory [12] and other laboratories [13,14] indi- 
cate that TCDD is capable of inducing the hepatic 
mix~-function oxygenases transpla~ntally, while 
Iess potent inducers such as MC [IS] and poiych~ori- 
nated biphenyls [16] are much less effective transpla- 
centaf inducers. 

This report represents an extension of our earlier 
studies on the effects of TCDD on pregnant rats [12]. 
Here we report a study of the dose-related effects of 
TCDD on extra-hepatic maternal and fetal tissues 
with respect to AHH activity, BP metabolism in the 
same tissues as revealed by high-pressure liquid chro- 
matographic (H.P.L.C.) analyses, and catalysis of 
covalent binding of BP to DNA in vitro. We also 
determined the effects of TCDD on hepatic and extra- 
hepatic epoxide hydratase activity in maternal and 
fetal tissues, 

MATERIALS AND METHODS 

Female Sprague-Dawley rats (Tyler’s Laboratories, 
Bdlevue, WA) were received on day 14 of gestation, 
housed in individual cages and placed in separate 
rooms to prevent any possibIe contamination of con- 
trol animals with TCDD. The animals were dosed 
on day 17 of gestation with a single intra~ritoneal 
injection of TCDD (0.2 to 6Opg/kg) in corn oil or 
corn oil alone. Animals were sacrificed on day 20 
of gestation, and maternal livers, lungs, kidneys, 
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adrenals and placentas, and fetal livers, lungs, kidneys 
and skins were removed and washed with ice-cold 
l.IS% KCI. Tissues were pooled within groups and 
homogenize with a Potter-Elvehj~ homogenizer 
(livers) or Polytron PT-10, with 2 parts of 0.1 M phos- 
phate. bufIer (pH 7.35) at O-4”. The homogenates were 
~ntrifuged at 9000 g for 20 min to remove cell debris, 
and aliquots of the sn~rnatant were utilized for all 
subsequent assays of BP metabolism. Microsomal 
preparations were utilized for assays of epoxide hy- 
dra&e activities. 

~enzo(a~pyren~ (BP) was obtained from Eastman 
Chemical Co., Rochester, NY, and recrystallized from 
warm benzene and methanol. BP-7,10-[‘4C] (sp. act. 
18.6~Ci/~oie) and BP-GC3HJ (sp. act. 63Ci/m- 
mole) were obtained from Amersh~/Searle Corp., 
Arlington Heights, IL. TCDD [98.6% pure by gas- 
liquid chromatography (G.L.C.), lot No. 851-144-H] 
was a gift from the Dow Chemical Co., Midland, MD. 
l,l,l-Trichloro-~3-propane oxide (TCPO) was pur- 
chased from Aldrich Chemical Co., Milwaukee, WI. 
Standards of the 3-hydroxy, 9-hydroxy, 3,dquinone, 
LQquinone, 6,1Zquinone, 4,5-diol, 7,8-dial, 9,Xkliol 
and 4,5-epoxide metabolites of BP were provided by 
Drs. H. V. Gelboin and J. K. Selkirk, NCI. The 
4,5-diol, 4,5-quinone and 4,5-epoxide were synthes~ed 
in our laboratory according to the methods described 
by Goh and Harvey [ 171 and Cho and Harvey {18]. 

Aryl hydrocarbon hydroxylase was assayed by the 
fluorometric method of Wattenburg et ai. [19] with 
modifications (Juchau et al. [20]). Metabolism of BP 
was assessed by H.P.L.C. analysis as described by 
Selkirk er af. [21] and modified by Berry et al. [12]. 

Epoxide hydratase was assayed using BP-45 epox- 
ide as substrate. The reaction mixture contained 0.5 
to 1.0 mg protein, 10.0 pug BP-4S-oxide (in dimethyl- 
sulfoxide) and 120woles Tris buffer, pH 8.5, in a 
total volume of l.Oml. The reaction was incubated 
at 37” for 5 min and was terminated by the addition 
of 3 ml of cold di~hloromethane. The reaction was 
then extracted twice with dichloromethane and the 
residue was dried and redissolved in 1.0 ml methanol. 

Eight@1 was injected into a Micromeritics model 
7000-0111 H.P.L.C. fitted with a 2.1 mm x OS m 
Vydac BP ODS (The Separations Corp., Gardena, 
CA} column operated at ambient tem~rature, with 
an isocratic solvent consisting of 65% methanol and 
35% buffered water (pH 7.Q. BP-4,S-diol was 
measured at 254nm and determined from the peak 
area utilizing a standard curve. 

The covalent binding of BP[‘H] to DNA in oitm 

was measured by a procedure based on the system 
originally described by Gelboin [22] and Grover and 
Sims [23]. The reaction mixture contained the follow- 
ing components in a final volume of 3 ml: 50 poles 
sodium phosphate, pH 7.4; 100 pmoles EDTA; 0.5 mg 
NADPH; 2 mg of calf thymus DNA; 0.2 ml of tissue 
homogenate (2-6 mg protein) and 143 nmoles BPf3H] 
in 25 ~1 ethanol (72 &i). The reaction was started by 
adding the hydrocarbon substrate, and the mixture 
was incubated for 15 min at 37” in total darkness. 
The reaction was terminated by the addition of 3ml 
of a solution containing 2% sodium dodecyl sulfate; 
0.03 M NaCI; and 0.003 M Na citrate, pH 7.0. The 
mixture was extracted and DNA was isolated as de- 
scribed by Buty et al. [24]. Covalent binding of 
BPC3H] to DNA was expressed as pmoles hydro- 
carbon bounding of DNA/mg of proteinil5min of 
incubation. Values from unincubated flasks were sub- 
tracted as ‘zero time’ controls and each experiment 
was performed in triplicate. 

RESULTS 

Initial investigations were undertaken to ascertain 
the magnitude of the tr~spla~ntal induction of 
AHH using varying doses of TCDD. Four doses (0.2, 
0.5, 2.5 and 6.O~~g) were given to groups of preg- 
nant rats on day 17 of gestation and the results of 
the treatments on fetal lung, kidney and skin, and 
maternal lung, kidney, adrenal and placental AHH 
activities are shown in Table 1. Fetal extra-hepatic 
tissues were found to be responsive in a dose-depen- 
dent fashion, with the kidney exhibiting the largest 

Table 1. Effects of varying doses of TCDD on AHH activity in fetal and maternal 
rat tissues* 

Tissue Control 0.2 0.5 2.5 6.0 

Fetal 
Lung 
Kidney 
Skin 
Liver 

Maternal 
Lung 
Kidney 
Adrenal 
Liver 
Placenta 

17 f 8 54+ 19 161 + 48 358 + 121 408 & 142 
Ii &7 15 *9 23 f I 99 & 24 242 $r 71 
7+3 9+5 15 +8 23 4 10 28 & 8 

15 rf:4 320 + 62 3‘56 If: 85 898 k 213 917 It_ 204 

15 & 3 37 & 9 34 + 6 46 & 9 56 f 12 
65 + 10 67 2 I5 74 f 13 123 If: 21 131 & 20 
98 + 19 109 + 27 115 f 36 137 + 32 170 & 46 

221 + 27 362 + 59 583 f 102 2077 f 341 6981 + 516 
12 + 10 18 & 13 23 If: 14 31 & 14 36f 17 

* Doses are presented as intr~peritoneal injections of TCDD. 
AHH activity is expressed as pmoles 3-hydroxy-BP formed/mg of protejn/min. 

Assays were performed in triplicate on three pools of 9OOOg su~rna~ant fractions 
with a minimum of four organs/pooled sample. Final protein concentrations in incuba- 
tion flasks were adjusted to 0.7 mg/ml in each case. Experiments were repeated twice 
with closely similar results. Standard deviations are indicated. 



Transplacentai extra-hepatic induction by TCDD 1385 

•j TCDD, Moternol 

f-J Control, Moternol 

TCOD, Fetal 

I Control, Fetal 

LUNG 

Fig. 1. Specific activity and metabolites formed by maternal and fetal lung homogenates of control 
and TCDD-treated tissues. 

percentage of increase, followed by the lung and skin. 
Unlike the liver, which appeared to reach a maximum 
induction at the 2.5 pgjkg dose, lung, kidney and skin 
exhibited non-maximal induction. As evidenced by 
the data presented in Table 1, maternal lungs, kid- 
neys, placentas and adrenals demonstrated dose- 
dependent increases in AHH activity. The low placen- 
tal AHH response to TCDD may relate to toxi- 
city [3] and/or to degeneration of placental tissues 
at term [12]. The lung and kidney were less respon- 
sive to TCDD than the liver [S], and a small but 
significant induction in the adrend gland also was 
observed. Induction in this organ has not been pre- 
viously reported. 

Transplacental induction of the AHH system by 
TCDD was further evaluated by studying rates of for- 
mation of specific metaboiites of BP with H.P.L.C, 
analysis. The ability to form phenols, quinones and 
dihydr~iols of BP by lung tissue preparations is 
shown in Fig. 1. Not only were rates of phenol forma- 
tion more rapid in fetal lungs, but dihydrodiols (es- 
pecially the 7,g-diol) were formed more rapidly on 
a ‘per mg protein’ basis. The maternal iung did not 

appear as susceptible to induction as the fetal lung 
but TCDD increased specific activities by a factor 
of 4 as compared with control levels. 

Analysis of BP metabolism in the fetal kidney with 
high-pressure liquid chromatography revealed general 
agreement with data from the fluorometric assay (Fig. 
2). Of particular interest is the predominance of the 
O-OH-BP over &he 3-OH-BP in fetal and maternal 
kidney, and the increase by TCDD of rates of forma- 
tion of 9-OH-BP in the maternal but not the fetal 
kidney. TCDD also increased the relative amounts 
of quinone formed in maternal kidney, as well as 
amounts of the 4,5- and 7,8-diols. The 9,lOdiol was 
not detected, and in the maternal or fetal kidney an 
unidentified, highly polar compound appeared near 
the solvent front in kidney of TCDD-pretreated ani- 
mals. 

Elevation of fetal rat skin mixed-fun~ion oxy- 
genases as evidenced by BP metabolism is shown in 
Fig. 3. The 3-OH-BP was induced to the greatest 
degree, while the level of 9-OH-BP production 
appeared constant. Pretreatment with TCDD in- 
creased the amount of 6,12-BP quinone produced and 

@ TCDD, Molernol 

a Control. Maternal 

TCDD, Fetol 

w Control, Fetal 

1 28- 
b 24- 
h 
h 20- 

$ 16- 

$ 12- 

.F 87 

Fig. 2. Specific activity and metabolites formed by maternal and fetal kidney in control. and TCDD- 
induced tissues. 
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Fig. 3. Specific activity and metabolites formed by fetal 
control and TCDD-induced skin. 

also increased the production of BP-4,5- and BP-7,8- 
dials. As with the kidney and lung, TCDD pretreat- 
ment did not result in the formation of detectable 
BP-9,10-dial. 

Induction of enzymatic activity in the maternai 
adrenal by TCDD was demonstrated in both the 
AHH assay and me~urements of metabolism of BP 
with H.P.L.C. analysis (Fig. 4). As with the kidney, 
production of the 9-OH-BP was favored over the 
3-OH-BP. The adrenal was active in producing the 
1,6-, 3,6- and 6,12-quinones of BP. The adrenal also 
produced detectable quantities of BP-45, 7,8- and 
9,10-diol, and two unidentified compounds,. one 

m TCDD 

0 Control 

44- 

40* 

.S 36- 

? 32- 

&? 20- 

h 24- 

$ 20- 

$ ‘6- 

Table 2. Effects of TCDD treatment on epoxide hydratase 
activity* 

Ratio 
(TCDD/ 

Tissue ControI TCDDt control) 

Maternal liver 2.t8 & 0.56 2.42 + 0.64 1.11 
Fetal liver 1.40 f 0.40 1.48 I: 0.58 1.06 
Maternal Lung 0.30 f 0.08 0.78 * 0.19 2.60 
Fetal lung 0.47 & 0.14 1.34 + 0.35 2.85 
Fetal skin 0.76 t 0.23 1.99 & 0.39 2.62 
Fetal kidney 1.04 + 0.31 1.10 * 0.41 1.06 
Placenta 0.23 + 0.09 0.12 + 0.04 0.52 

* Specific activity is expressed as nmoles BP-4,5-dihyro- 
diol formed/mg of protein/mm with standard deviations. 
Values represent the means of triplicate determinations on 
three pooled samples with at least four organs in each 
pool. 

t Given at 2.5 pg/kg, i.p., in corn oil on day 17 of ges- 
tation; the animals were sacrificed on day 20. 

located between the BP-9,10-diol and the BP-4,5-diol, 
and the other, a highly polar compound, appearing 
at the solvent front. 

The formation of dihydrodiols from BP oxides is 
a detoxification reaction involving a microsomal 
epoxide hydratase [2.5-j. TCDD was shown to en- 
hance the formation of BP-4,5-dihydrodiol from 
BP-4,5-oxide in certain tissue homogenates (Table 2). 
The least epoxide hydratase induction occurred in 
hepatic homogenates, while lung and skin homo- 
genates were quite inducible. The placental epoxide 
hydratase was not induced. 

The ability of the tissue homogenates to catalyze 
covaient binding of BP to DNA in vitro is shown 
in Table 3. The data show that an NADPH-generat- 
ing system is necessary to catalyze the covalent bind- 
ing of BP in vitro to DNA, and that the epoxide hyd- 
ratase inhibitor TCPO does not significantly affect 
binding of BP to DNA. Stimulation of DNA binding 

Table 3. Tissue-mediated covalent binding in uirro of 
C3H]BP to DNA 

-, 
MATERNAL ADRENAL 

Specific activity* Ratio 
(TCDD/ 

Tissue Control TCDDf control) 

Maternal Liver 136 8660 63.6 
- NADPH 18 53 2.9 
+ TCPO 1.58 9100 57.6 

Lung 62 87 1.4 
- NADPH 20 36 I.8 

Fetal Liver 96 1023 10.6 
- NADPH 1 10 10 
+ TCPO 89 1000 11.2 

Lung 33 38 I.1 
- NADPH 11 8 0.7 

Skin 31 164 5.3 
- NADPH 14 6.2 0.4 

Placenta 11.6 30 2.6 
- NADPH 7.5 to.5 I.4 

* Specific activity is expressed as fmoles[3H]BP bound/ 
pg of DNA/mg of homogenate protein/l5 min of incuba- 
tion. 

t Given at 2.5 pg,kg i.p. in corn oil on day 17; the ani- Fig. 4. Specific activity and specific metabolites formed by 
maternai control and TCDD-treated adrenal gland. mals were sacr&iced on day 20. 
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appears maximal in hepatic tissues followed by skin, 
lung and placenta. 

DISCUSSION 

Several investigators have reported either no 
or minimal transplacental induction of mixed-func- 
tion oxidases from different tissues when polycyclic 
aromatic hydrocarbons (PAH) were used as the 
inducing agents. The administration of 80mg/kg 
of MC i.p. to rats did not induce hepatic de- 
methylation of 3-methyl-4-monomethylaminoazoben- 
zene (3’-MMAB) [26], and administration of twenty 
times the amount of BP necessary for maternal induc- 
tion only slightly raised fetal AHH activity and 
demethylation of 3’-MMAB [15]. Similar results for 
rats were reported for transplacental induction of fetal 
hepatic AHH [27] and for chick and mouse embryos 
[27,28]. Transplacental stimulation with polychlori- 
nated biphenyls [16] indicated that only minimal in- 
duction occurred in fetal rat livers and that the induc- 
tion did not differ from that observed with MC. 
Recent evidence has shown that TCDD given orally 
[13] increases AHH and glucuronyl transferase ac- 
tivity in fetal rat liver and that TCDD stimulation 
was dependent on the gestational stage of the rat [14]. 
TCDD also has been shown to induce hepatic AHH 
activity in genetically ‘non-responsive’ mice [ll]. 
Results presented in this paper indicate that fetal 
AHH activity was elevated transplacentally in lungs, 
kidneys, skins and liver in a dose-dependent fashion. 
Elevation of maternal AHH activity in kidney, lung 
and liver showed dose-dependent relationships and 
greater activity than the fetal tissues. Recent results 
indicate that TCDD binds preferentially in the 
liver [29]. Our data tend to indicate that TCDD is 
distributed to all tissues with little or no relationship 
between tissue concentrations and effects on enzymes. 
The marked decrease in AHH activity of placental 
tissues perhaps relates to the degenerated state of the 
tissue at term and the toxicity of TCDD to the tis- 
sue [30]. Elevation of AHH activity in the adrenal 
gland appears unique to TCDD and may relate to 
increased de nouo synthesis of the inducible form of 
AHH, which may be only a minor portion compared 
to the relatively high levels of constitutive enzyme 
present in the adrenal. Another possible explanation 
for the increased transplacental induction by TCDD 
may relate to a more rapid transport across organ 
membranes [30] and the lack of metabolism of 
TCDD in ho, leading to a long half-life. The latter 
possibility will require further investigation. 

Analysis of BP metabolism in preparations of 
MC-pretreated rat liver indicated that stimulation 
occurred with respect to all metabolites detected with 
the largest increase in the BP-9,10-diol [31]. We 
previously demonstrated that TCDD pretreatment 
resulted in increases of BP-4,5-diol, BP-7,8-diol and 
BP-9,10-diol with preparations of maternal and fetal 
hepatic tissues [12]. Results from this investigation 
indicate that preparations of fetal lung and skin 
produced substantial quantities of the 3-phenol and 
7,8-diol as major metabolic products. The skin and 
lung both are primary target tissues for PAH car- 
cinogens and are not nearly as metabolically active 

as the hepatic system. Additionally, the fetal kidney 
produced greater quantities of 9-phenol and BP-7,8- 
diol than skin and lung, but exhibited lower overall 
activity than the hepatic system. Although previous 
investigations have demonstrated that adrenal glands 
exhibit high specific AHH activity [32], the produc- 
tion of 3-phenol was not truly representative of BP 
metabolism by the adrenal. AS was evidenced with 
H.P.L.C. analysis, the adrenal homogenates produce 
more 9-phenol than 3-phenol and, to a limited extent, 
more dihydrodiols. The apparent trend in BP meta- 
bolism by extra-hepatic tissues after TCDD pretreat- 
ment was toward higher production of the 9-phenol 
and the 7,8-diol, whereas hepatic tissues produced 
more 3-phenol and BP-9,10-diol. The significance of 
this trend is not apparent at present, but it was shown 
that induction as measured by high-pressure liquid 
chromatography allowed critical evaluation of subtle 
metabolic differences between various extra-hepatic 
tissues as they relate to specific inducers. 

The epoxide hydratase system is primarily respon- 
sible for the elimination of electrophilic epoxide inter- 
mediates. Previous investigations have demonstrated 
that epoxide hydratase is not inducible by PAH such 
as BP [33] and MC [34] in hepatic tissue. Results 
presented in this paper indicate that TCDD is capable 
of inducing epoxide hydratase activity to approxi- 
mately the same degree as phenobarbital in certain 
extra-hepatic tissues [33]. However, as with the oxi- 
dative metabolism, the induction was highly tissue 
specific. Induction occurred in the fetal skin and lung 
and in maternal lung but not in maternal liver, kidney 
or placenta. The stable ‘K-region’ arene oxide, 
BP-4,5-epoxide, was used as a substrate for epoxide 
hydratase because of its direct relationship to the par- 
ent BP. Other substrates exhibit higher affinities for 
the enzyme [35] but the study indicated that TCDD 
was capable of markedly increasing epoxide hydratase 
activity, and that the apparent induction was tissue 
dependent. 

Since there is a good correlation between the car- 
cinogenic activity of PAH and their ability to be 
converted into an electrophilic intermediate(s) and 
subsequent interaction with cellular nucleophiles 
such as DNA [24,36-381, we investigated the effects 
of TCDD pretreatment on tissue-mediated covalent 
binding of C3H]BP to DNA. Previous investigations 
[39,40] ascertained that covalent binding with hepa- 
tic tissue homogenates shows a strong requirement 
for NADPH, and was inducible by PAH. Investiga- 
tions with the skin [24] demonstrated a dependence 
on NADPH when BP was used as a substrate. Our 
results demonstrate that TCDD is effective in enhanc- 
ing the binding of BP to DNA in maternal and fetal 
hepatic tissues in reactions requiring reduced pyridine 
nucleotides. Maternal and fetal rat lungs exhibited a 
similar trend, but the requirement for NADPH was 
not as evident. The fetal rat skin also showed TCDD- 
inducible covalent binding and a similar requirement 
for NADPH. The potent epoxide hydratase inhibitor, 
TCPO, only slightly increased the covalent binding 
of BP to DNA. The nature of the TCDD enhance- 
ment appeared to be tissue-specific, and, moreover, 
the data from the binding in vitro appeared to corre- 
late well with the metabolizing capabilities of the tis- 
sue and the metabolites formed. 
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