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Transfer of PCBs via Lactation Simultaneously
Induces the Expression of P450 Isoenzymes and
the Protooncogenes c-Ha-ras and c-raf in Neonates
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ABSTRACT. At the first day of lactation, maternal rats were injected with a single i.p. dose of 100 or 250
mg/kg body weight of a mixture of polychlorinated biphenyls (Aroclor 1254). This treatment caused significant
increases in both material and neonatal hepatic cytochrome P-450, cytochrome bs, and cytochrome-c-(P-450)
reductase. Transfer of PCBs via lactation resulted in significant increases in hepatic enzyme activities catalysed
by neonatal CYP1A1, CYP1A2, CYP2B1, CYP3Al, and CYP2E1 using a variety of substrates. In contrast, the
metabolism of dimethylnitrosamine and aminopyrine was only marginally (up to 2-fold) increased in maternal
animals four days post treatment. Further measurements showed significant increases in maternal and neonatal
epoxide hydrolase, glutathione-S-transferase, and UDP-glucuronyl transferase activities, thus suggesting a coor-
dinated response in maternal and neonatal oxidative and post-oxidative drug metabolism. Western blot analysis
provided evidence for an induction of CYP1A1, CYP1A2, CYP2A1, CYP2B1, CYP2E1, CYP3Al, and CYP4A1
in both maternal and neonatal liver, albeit at varying intensities. However, PCBs did not modulate the expres-
sion of maternal and neonatal CYP2C6, and at the higher dose the expression of neonatal CYP2El was
significantly reduced. Northern blot analysis provided further evidence for significant increases in maternal and
neonatal hepatic CYP1AL, CYP1A2Z, CYP2B1, and CYP2E1 mRNA, but reduced amounts of CYP2C7 and
CYP4A1 mRNA. Additional Northern blot hybridization experiments may suggest an increased expression of
the protooncogenes c-Ha-ras and c-raf in the mother and the neonate upon treatment of maternal rats with
Aroclor 1254. Lactation itself may result in an increased expression of the latter protooncogenes, but the mRNA
of the protooncogenes c-erb A and c-erb B was not detected in any of the tissues examined. BIOCHEM PHAR-
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The widespread accumulation and distribution of PCBs!' is ex-
tensively documented [1]. Approximately 31% of the 1.2 mil-
lion tons of PCBs that have been produced are present in the
environment [2]). The majority of PCB oils have been utilised
in electrical equipment or other products still in use. Improper
disposal has led to the potential of pollution for many years to
come [2], and individual PCB isomers and congeners are com-
monly present in human blood, milk, and other tissue samples,
such as biopsy material taken from tumours [3-5].

Individual PCB isomers and congeners, as well as mixtures
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of PCBs, modulate and disturb normal cellular functions [1, 6,
7]. PCBs elicit a wide range of toxic reactions depending on
the experimental conditions, treatment dose, and duration and
route of application.

Several excellent reviews are available that provide detailed
information on all aspects of the toxic properties of PCBs,
including their ability to promote and perhaps to initiate ma-
lignant tumour formation. It has been shown that mammalian
species differ in their response to PCBs and that developmen-
tal and sex differences are important factors to be considered
in interpreting their toxicity. The potency of PCBs in induc-
ing certain P450 isoenzymes is well recognised, and the studies
by Parkinson et al. [8] show how versatile PCBs are in modu-
lating the expression of P450 proteins.

Transfer of PCBs via lactation to the nursing infant has
frequently been reported, and there is compelling evidence for
in utero exposure to PCBs [9, 10]. Based on the evidence avail-
able to date, the health risk for the mother and the baby could
be significant, but it is notoriously difficult to find universal
markers that allow risk assessment with high predictive power.
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Furthermore, as PCBs produce a variety of different toxic re-
actions at the same time, it is difficult to define a suitable
endpoint for a universal interpretation of the toxic properties
of PCBs.

In the present study, two markers were chosen as toxicolog-
ical endpoints: the expression of P450 isoenzymes and pro-
tooncogenes measured at the protein and mRNA level. Both
endpoints have been implicated in toxic injury and possible
tumour development [11]. Therefore, the aim of the present
study was to assess early changes in the expression of P450
proteins from families 1 to 4, and to correlate these changes
with substrate reactions cartalysed by P450 isoenzymes. Fur-
thermore, the concomitant expression of four different pro-
tooncogenes was studied to obtain detailed information on the
simultaneous expression of the mRNA of P450 genes and pro-
tooncogenes. The results, taken collectively, should aid the
search by defining suitable markers that predict the risk for the
mother and the baby at an early stage.

MATERIALS AND METHODS
Animals

Female Sprague-Dawley (SD) rats with an average body
weight of 175 g were supplied by Charles River Ltd., Margate,
U.K. Food and water was provided ad libitum. The beginning
of pregnancy was determined by examination of vaginal plugs.

TREATMENT OF ANIMALS. On the first day post partum, ma-
ternal rats were injected with a single i.p. dose of either 100 mg
or 250 mg/kg body weight Aroclor 1254 dissolved in cornoil,
and were killed 4 or 14 days later. The dose selection was based
on reports by others and our previous studies where similar
doses were used [1, 7, 8].

Chemicals, Reagents, Enzymic Substrates

Unless otherwise stated, all chemicals and reagents were of the
highest purity and purchased from Sigma Chemical Co. or
from BDH chemicals, Poole, U.K. NADPH-dependent en-
zyme reactions were assayed by the addition of 12 mM
NADP*, 12 mM glucose 6-phosphate, and 60 units of glucose-
6-phosphate dehydrogenase in a final volume of 3 mL. Cy-
tochrome P450 catalysed reactions were assayed in a buffer
system containing 0.1 M TRIS, pH 7.4, 0.15 M MgCl,, and
0.5 M nicotinamide to prevent the destruction of pyridine
nucleotide by tissue nucleosidases.

Preparation of Hepatic Microsomes and
Assessment of Microsomal and Cytosolic Enzyme Activity

Hepatic microsomes were prepared as described previously
{12]. Cytochrome P-450 and b5 were measured by the methods
of Omura and Sato [13]. Protein concentrations were deter-
mined by the method of Lowry et al. [14] using bovine se-
rum albumin as standard. Ethoxyresorufin-O-de-ethylation
(EROD) activity was determined by the method of Burke et al.
[15], and the N-demethylation of aminopyrine and dimethyl-
nitrosamine were measured essentially as described by Ander-
son et al. [16]. Aldrinepoxidation was measured by the method
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of Wolff et al. [17] with modifications as described previously
{18]. The activity of NADPH-cytochrome-c-(P-450) reduc-
tase, para-hydroxylation of aniline, O-demethylation of ni-
troanisole and of glucuronyl-transferase using o-aminophenol
as substrate, were assayed as detailed in ref. [19] with modifi-
cations described previously [18]. Glutathione-S-transferase
activity was measured by the method of Habig et al. [20] using
2.4-dinitro-1-chlorobenzene as a substrate. Epoxide hydrolase
was assayed using epichlorohydrin as a substrate and an exper-
imental protocol detailed by Guengerich et al. [21].

Unless otherwise stated, all enzyme kinetic measurements
were found to be linear with respect to protein concentration
and incubation time. A detailed description of the above de-
scribed assays and the validation of linear enzyme kinetics is
given by Borlakoglu [18].

Western Immunoblot Analysis of P450 Iscenzymes

At 4 and 14 days following treatment of lactating mothers
with Aroclor 1254 at either 100 or 250 mg/kg body weight,
hepatic tissue was obtained from maternal and neonatal rats.
Hepatic microsomal proteins were isolated as described above
and subjected to SDS/polyacrylamide gel electrophoresis
(SDS/PAGE) using 9% separating gels [22]. Immunoblotting
was performed essentially as described by Towbin et al. [23],
with modifications according to Lewis et al. [24]. After sepa-
ration, proteins were transferred electrophoretically to nitro-
cellulose, and probed with various antisera to rat liver cy-
tochrome P-450s. Antibodies to the purified enzymes were
isolated as described previously by Wolf et al. [25, 26]. These
antibodies have previously been used in immunoblotting stud-
ies with mouse, rat, and human microsomal samples. In addi-
tion, the isoenzyme specificity of these antisera have been
demonstrated by immunoblot analysis with expressed human
recombinant P-450 proteins [27].

Cytochrome CYP4A 1 was isolated according to the method
of Tamburini et al. [28] and was of high purity, running as a
single band on SDS/PAGE. Antibodies used were of CYP1A1,
CYP1A2, CYP2AL, CYP2B1, CYP2C6, CYP2E! (kindly pro-
vided by Dr. C. S. Yang), CYP3A1, and CYP4A1 (for nomen-
clature system, see Nebert et al. [29]). A protein loading of 3
mg microsomal protein was applied to enable direct compari-
sons amongst individual groups. Furthermore, the intensities of
coomassie blue staining of SDS/PAGE-separated proteins were
compared to ensure a uniform loading (data not shown).

The immunoreactive polypeptides were visualised using
horseradish peroxidase-labelled secondary antibody, and the
signal was enhanced with '*’l-protein A (Amersham Interna-
tional, plc.) and subsequent autoradiography (Kodak X-Omat
AR5 X-ray film) ar —70°C. Differing exposure times were used
to optimise the autoradiographic signal.

Northern Blotting and
Determination of P450 mRNA Levels

At four days following treatment of lactating mothers with
Aroclor 1254 at 250 mg/kg body weight, hepatic tissue was
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obtained from maternal and neonatal rats. RNA was isolated
from liver samples of female rats as previously described by
Cox [30]. RNA concentration and purity were estimated spec-
trophotometrically and tested for integrity and equivalence of
loading by ethidium bromide staining of a denaturing formal-
dehyde gel. mRNA was separated electrophoretically, trans-
ferred to nitrocellulose, and P450 mRNA content determined
using the cDNA probes described below and hybridisation
conditions described previously {27]. Blots were washed at
65°C with 0.3 M sodium chloride and 0.03 M trisodium ci-
trate, pH 7.4 cDNA probes were labelled by the random-
priming method [31-33]. Human ¢DNA probes used were
CYP1A1, CYP2A6, CYP2B1, CYPZE!1 (kind gift from Dr. F.
Gonzalez), and CYP3A3/4. The CYPZB1, CYP2C7, and
CYP4A1 (kind gift from Dr. G. Gibson [34]) cDNA probes

were isolated from rat.

Plasmids and cDNA Probes Used
for Northern Blot Hybridization of Protooncogenes

The following ¢cDNA probes were used: v-Ha-ras, 0.62 kb
HindIll to BamH1 fragment from the Balb-MuSV-DNA;
v-erb A, 0.5 kg Pstl fragment of the AEV genome; v-erb B, 0.5
kb BamHI fragment of the AEV genome; v-raf, 1.38 kb Xhol
to Bglll v-raf specific fragment of the 3611 MSV genome.
Glyceraldehyde phosphate dehydrogenase (GAPDH) 1.1 kb
Pstl fragment of the GAPDH gene was cloned in pBR322.
Further details about the plasmid and DNA probes have been
reported previously [35].

Northern Blot Hybridization of Protooncogenes

The mRNA content of protooncogenes in hepatic tissue was
determined following electrophoresis of RNA (10 pg/lane)
with glyoxal in 1% agarose gels. Gels were stained with acri-
dine orange prior to the transfer of the RNA onto nitrocellu-
lose membranes. RNA was subsequently fixed to the mem-
branes by heating at 80°C for 2 hr. RNA blots were prehy-
bridized for approximately 3 hr at 42°C in hybridization
mixture containing 50% formamide, 5x Denhardts (50x Den-
hardts is 1% bovine serum albumin, 1% Ficoll, 1% polyvi-
nylpyrollidone), 0.1% sodium dodecylsulphate (SDS), 5x
SSPE (20x SSPE in 3.6 M NaCl, 0.2 M sodium phosphate,
0.02 M EDTA, pH 7.5), and 100 mg denatured salmon sperm
DNA, pH 7.5. Hybridizations were carried out in the same
buffer containing approximately 2 x 10° cpm/mL of 2?P-la-
belled DNA probes for 1 day at 42°C. The DNA probes were
32P_labelled by the multiprime DNA labelling system (Amer-
sham Buchler GmbH, D-3300 Braunschweig, Germany). After
hybridization, the filters were washed at 50°C in 2x SSC
(Standard saline citrate), 0.1% SDS, and exposed to Kodak
X-Omat S film or Konica X-ray film A2 for various time pe-
riods until the autoradiographic signal was optimal. The rela-
tive amount of transcript was determined by densitometric
analysis of the autoradiographs using an Elscript 400 scanner
(Hirschmann, D-8025 Unteraching, Germany). The scanning
was done in the linear range of the film. Northern blots were

rehybridized to GAPDH to adjust for uneven transfer during
the blotting procedure or due to variations in the amount of
mRNA applied onto the gel. The expression of this gene
served as an internal control for mRNA quantification.

RESULTS

The liver weights, microsomal protein concentrations, and the
liver-to-body weight ratios are summarised in Table 1. With
maternal and neonatal controls, a time-dependent increase in
liver weight, but not microsomal protein concentration, was
seen. Treatment of lactating rats with 100 mg/kg Aroclor 1254
led to a significant increase in liver weight after 4 days, al-
though after 14 days the change was no longer significant
compared to controls. With the higher dose of Aroclor, liver
weight was significantly increased at both time points. In ne-
onates, a significantly higher liver weight was evident with
both doses of Aroclor 1254, although only at 14 days post
treatment. In these animals, but not the lactating mothers,
microsomal protein concentration increased in a time- and
dose-dependent fashion. The liver-to-body weight ratio did
not differ when control and Aroclor-treated mothers were
compared, but a significant dose-dependent increase was ob-
served in neonates 14-days post treatment.

Effect of Aroclor 1254 on Microsomal Monooxygenases

The results of cytochrome P450, cytochrome b5, and NADPH
cytochrome ¢ (P450) reductase quantification are summarized
in Table 2. In control neonates, a significant 2-fold increase in
cytochrome P450 concentration was noted 14 days post par-
tum. Dose- and time-dependent increases in total cytochrome
P450 concentration and NADPH cytochrome ¢ (P450) reduc-
tase activities, but not cytochrome b5 concentration, were
seen in neonates in tesponse to maternal treatment with
Aroclor 1254. In contrast, these parameters in lactating moth-
ers either increased by approximately one-third, independent
of Aroclor dose (cytochrome P450), increased 2-fold in a dose-
dependent fashion (NADPH cytochrome ¢ (P450) reductase),
or were significantly reduced (approximately 67%) 4 days post
treatment (cytochrome b5 concentration).

Effect of Aroclor 1254 on the Metabolism
of Marker Substrates of CYP1A1 and CYP1A2

The catalytic activities of maternal and neonatal cytochrome
P450s, with respect to ethoxyresorufin O-dealkylation
(EROD), p-nitroanisole O-demethylation, and aniline hy-
droxylation were assayed, and the results are shown in Table 3.
Significant increases in the metabolism of all substrates in
both maternal and neonatal samples were recorded in response
to maternal treatment with Aroclor 1254. The rate of EROD
activity was increased 6-fold at both treatment doses in neo-
nates and lactating mothers at 4 days after treatment. At 14
days, activity in maternal samples fell back, remaining signif-
icantly elevated at the higher treatment dose, but virtually at
control levels in the 100 mg/kg dose group. In neonates,
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TABLE 1. The effects of Aroclor 1254 treatment on maternal and neonatal liver weight, liver to body weight ratio, and hepatic

microsomal protein concentration

Liver weight

Microsomal protein

Treatment (g) (mg/g liver) Liver/body weight x 100
group M N M N M N
A. control 146113 1.8+£0.28 435+72.1 22.5+428 4.4+04 3.5+0.48
(4 days) (n=5)
B. control 171206 0.9+£02 390185 288197 56+08 3.1 +£058
(14 days) (n=26)
C. controt 17.6 £ 0.7 25+18 40.8+ 7.4 21.0+8.38 5.1+09 4204
(24 days) (n =5}
D. 100 mgfkg 19.8 £ 1.3* (A,D) 3.1+1.88 36.2 £2.5*% (A,DD) 19.1+2.7§ 59+0.8 3.3+£0.38
(4 days) (n=14)
E. 100 mg/kg 16.4+2.6 3.9+0.5% (B,E) 44.2+ 1.7 62.5+ 2.1% (B,E) 48+0.6 4.8+0.4% (B,E}
(14 days) {(n=4)
F. 250 mg/kg 22.2+3.1* (AF) 2.1£098§ 41.7+3.9 24.0+598% 6.2+1.0 3.1+£0.38
(4 days) {n=06)
G. 250 mg/kg 225+ 1.7* (B,G) 2.3+0.61 (B,G) 44,7£6.0 78.5 £ 7.8% (B,G) 6.1%0.1 6.5+0.2% (B,G)
(14 days) (n=23)

Values are mean * SD; n = 3 animals per treatment group unless otherwise stated.
* P < (.05
I <002,

§ P < 0.01 significantly different, when compared with the appropriate control (see letters in brackets for a comparison of treatment groups).
§ The entire litrer from a single mother was pooled with aliquots taken for individual measurements.

LM, lactating mothers.
N, neonates.

EROD activity continued to rise at the 250 mgfkg Aroclor
dose, but appeared to level off at the lower dose. The O-de-
methylation of p-nitroanisole increased at both treatment
doses in neonates after 4 days, although this effect appeared to
have subsided by 14 days. No effect on p-nitroanisole O-de-
methylase activity was seen in lactating mothers, except for a
decrease at the lower Aroclor dose 14 days after treatment.

Aniline, which is preferentially metabolised by CYP1A2,
although there is evidence for the involvement of CYP2E],
showed a significant dose- and time-dependent increase in
hydroxylation in both maternal and neonatal animals at both
Aroclor doses and at both time points, although the increase
was greater (14-fold) in neonates than in lactating mothers
(3-fold).

These results, taken collectively, show that individual PCB
isomers and congeners differentially modulate the induction of
CYP1A1 and CYP1A2. They also elicited a differential re-
sponse when mothers and neonates were compared. Indeed,
the results shown in Table 3 provide strong evidence that
neonates are highly responsive to cytochrome P450 induction
when milk from Aroclor 1254-treated mothers is consumed.
However, this study also shows that lactation itself is an ef-
fective means of lowering the maternal body burden of PCBs.

Effect of Aroclor 1254 on the
Metabolism of Marker Substrates of the CYP2 Family

The metabolism of marker substrates for the CYP2 family is
summarised in Table 4. Treatment of maternal rats with
Aroclor 1254 resulted in significant increases in the rates of
N-demethylation of both aminopyrine and dimethylnitros-

amine in these animals, although this effect was only evident
4 days after treatment at the higher Aroclor dose. Aroclor
1254 had no significant effect on aldrin epoxidation in ma-
ternal animals, and a significant difference in this activity was
evident in neonates only at the lower dose. Moreover, in ne-
onates, the N-demethylation of dimethylnitrosamine was sig-
nificantly elevated at both Aroclor doses after 4 days, although
in both instances this had diminished by 14 days. When the
N-demethylation of aminopyrine was assessed, only the 250
mgfkg Aroclor dose elicited a significant increase in neonates,
at both time points.

The N-demethylation of aminopyrine and aldrin epoxida-
tion are catalysed by CYP2BI1, and these data provide little
evidence for significant increases in enzyme activity. Similarly,
the induction of both maternal and neonatal CYP2E! is only
marginal and transient, as judged by the rate of N-demethy-
lation of dimethylnitrosamine. The measurements reported in
Table 4 do not mirror the time-dependent profiles of the in-
duction of CYP2B1 and CYP2E1 previously shown [18]. The
transient induction of these cytochromes contrasts with the
induction of CYP1A1, which remained highly induced. In
consequence, the results shown in Tables 3 and 4 point to a
complex regulation of the expression of individual P450 isoen-
zymes that are selectively induced in the mother and neonates
by individual PCB isomers and congeners.

Effect of Aroclor 1254 on the Regulation
of Postoxidative Drug Metabolising Enzymes

The data from these experiments are summarised in Table 5.
With epichlorohydrin as substrate, epoxide hydtolase activity
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TABLE 2. The effects of Aroclor 1254 treatment on maternal and neonatal microsomal cytochrome P-450, cytochrome bs, and

cytochrome-c-(P-450) reductase

Cytochrome P-450 concentration

LM

N

No. of No. of
Treatment group animals (pmol/mg protein) (nmol/g liver) (nmol/g liver) (pmol/mg protein) animals
A. control (4 days) 350+ 10 153+1.3 3.4+1.28 150 + 308 (n=15)
B. control (14 days) 500+ 100 16.1+£6.2 6.2+0.1 140+ 10 (n=23)
C. 100 mg/kg (4 days) (n=3) 500+ 160 20.6 +£0.31 (A,C) 6.2+0.18 320+ 601§ (n=4)
D. 100 mg/kg (14 days) 450+ 50 19.6+29 14.1 £0.4% 300+ 304 (n=4)
E. 250 mg/kg (4 days) 500+ 50 20939 69+2.28 280 + 401§ (n=6)
F. 250 mg/kg (14 days) 650+ 80 20.8+6.8 239 +2.24% 560 + 90F (n=3)

Cytochrome bs concentration
A. control (4 days) 250+ 10 109+1.0 2.1+0.68 80+ 208 (n=3)
B. control (14 days) 200+ 20 71.7+24 29+0.6 60 £ 20 (n=4)
C. 100 mg/kg (4 days) (n=23) 190+ 30 6.3+0.11 (A,C) 2.1+0.28 110+ 108§ (n=4)
D. 100 mg/kg (14 days) 170 £ 40 7.2x1.2 104 £1.5% 230+ 70 (n=4)%
E. 250 mg/kg (4 days) 180+ 10 7.2+1.4 3.6+ 0.68 130+ 30§ (n=25)
F. 250 mg/kg (14 days) 260 £ 30 13.2£0.5*% (B,F) 6.8+ 1.4* 150+ 20 (n=3)8§
NADPH cytochrome-c-(P-450) reductase activities
nmol/mg protein/min nmol/mg protein/min

A. control (4 days) 458140 26.8 + 4.68§ (n=4)
B. control (14 days) 51.3+2.7 not determined
C. 100 mg/kg (4 days) (n=3) 69.6 +3.4% 21.94+1.9§ (n=4)
D. 100 mgrkg (14 days) 50.2+1.8 136.3+16.4 (n=4)
E. 250 mg/kg (4 days) 73.2+4.1% 65.2+0.43§ (n=>5)
F. 250 mg/kg (14 days) 73.1 £ 11.6* 231.8+6.2 (n=23)

Values are mean + SD.

* P < 0.05; 1P < 0.02; ¥ P < 0.01 significantly different, when compared with the appropriate control (see letters in brackets for a comparison of treatment groups).
§ The entire litter from a single mother was pooled with aliquots taken for individual measurements.

LM, lactating mothers.
N, neonates.

was elevated in both maternal and neonatal animals. More-
over, if these results are expressed on a liver weight basis
(Table 5a), increases in epoxide hydrolase activities were mea-
surable in lactating mothers (3-fold over control) and in ne-
onates (7-fold over control). This suggests that neonates are
more responsive to an induction by PCBs for epoxide hydro-
lase. Compared with neonates, lactating mothers had reduced
epoxide hydrolase activities 14 days post treatment, thus sug-
gesting that lactational transfer of PCBs is protective for the
mother. In contrast, UDP-glucuronyl transferase using 2-ami-
nophenol as substrate and GST using CDNB as substrate were
both significantly raised in maternal and neonatal animals, in
a time- and dose-dependent manner (Table 5). The data
shown in Table 5 indicate that lactational transfer of PCBs is
protective for the mother.

Western Blot Analysis of Cytochrome P450 Proteins

Western immunoblotting experiments were carried out to ob-
tain unequivocal evidence for the expression of individual
P450 isoenzymes present in maternal and neonatal hepatic
tissue. Furthermore, the expression of immunoreactive pro-
teins were compared with mRNA levels determined by North-
ern blot analysis (see below).

The expression of individual isoenzymes was determined by
comparing immunoreactive bands and their electrophoretic
mobility with those estimated for purified isoenzymes (i.e.
standards). This comparison permitted an identification of
constitutively expressed isoenzymes and the effects of Aroclor
1254 treatment on the induction of P450 proteins. The results
of the Western immunoblotting studies are summarised in Fig.
1. Control lactating mothers had a strong immunoreactive
band corresponding to CYP2C6 and a weak immunoreactive
band corresponding to CYP3ALl, but there was little evidence
for the expression of CYP1A1, CYP1A2, CYP2B1, CYPZEL,
and CYP4A1 at a loading of 3 yg total protein per well. A
comparable result was obtained with neonatal controls (Fig.
1), but the expression of neonatal Aroclor CYP3A1 was stron-
ger than in the maternal control. There was also a faint cross
reactivity in the neonatal control with the CYP4A1 antibody.

Comparison of control and PCB-treated mothers show an
impressive induction of CYPLAl, CYP1A2, CYPZAL,
CYP2B1, CYP2C6, CYP2E1, CYP3Al, and CYP4Al, albeit
at varying intensities. In the case of CYP1Al, CYP1A2,
CYP2B1, and CYP4Al, the induction was dose-dependent.
For the other isoenzymes, the lower dose of 100 mg/kg body
weight may represent a “saturation” response with respect to
P450 induction. The antibody raised to CYP2A1 recognised
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TABLE 3. The effects of Aroclor 1254 treatment on monooxygenase activities predominantly catalysed by maternal and neonatal

CYP1A1l and CYP1A2

Aniline hydroxylase
(pmol/mg protein/min)

No. of No. of
Treatment group animals N animals
A. control (4 days) 270+ 10 130+ 30 (n=25)
B. control (14 days) Not determined" Not determined'
C. 100 mg/kg (4 days) (n=3) 360 +20% (A,Q) 260+ 101§ (A,C) (n=4)
D. 100 mg/kg (14 days) 410+ 10 400+ 130 (n=4)
E. 250 mgfkg (4 days) 410+ 30% (AE) 440+ 701§ (AE) (n=16)
F. 250 mg/kg (14 days) 680+ 80 1830 £ 160 (n=13)

p-nitroanisole-O-demethylase (pmol/mg protein/min)
A. control (4 days) 520+ 20 480+ 110§ (n=75)
B. control (14 days) Not determined" Not determined’
C. 100 mg/kg (4 days) (n=23) 550420 1230 £ 1708 (A,C) (n=4)
D. 100 mg/kg (14 days) 42010 510+ 160 (n=14)
E. 250 mg/kg (4 days) 600+ 40 2310 £ 160%§ (ALE) (n=26)
F. 250 mg/kg (14 days) 410+ 60 52040 (n=23)
Ethoxyresorufin-O-deethylase (pmol/mg protein/min)

A. control (4 days) 56+ 10 24 £ 10§ (n=25)
B. control (14 days) 56+ 10 42+3 (n=14)
C. 100 mgfkg (4 days) (n=3) 340 £+ 50% (A,Q) 161 + 408§ (A,C) (n=4)
D. 100 mg/kg (14 days) 93 +30 156 + 101 (B,D) (n=3)
E. 250 mg/kg (4 days) 206 + 10% (A,E) 131 + 204§ (A,E) (n=6)
F. 250 mg/kg (14 days) 156 £ 30* (B,F) 259 + 20% (B,F) (n=13)

Values are mean + SD.

*P < 0.05 1P < 0.02; P < 0.01 significantly different, when compared with the appropriate control (see letters in brackets for a comparison of the treatment groups.
§ The entire litter from a single mother was pooled with aliquots taken for individual measurements.

I Statistical analysis was not done, as the 14-day control group was not determined.
LM, lactating mothers; N, neonates.

an additional epitope in microsomal proteins isolated from
Aroclor 1254-treated lactating mothers. Similarly, the anti-
body raised to CYP2BI recognised an additional epitope, most
likely CYP2B2, in microsomal proteins isolated from Aroclor
1254-treated lactating mothers.

Similar results to these obtained with lactating mothers
were observed with neonatal samples. There was a dose-de-
pendent expression of CYP1A1l, CYP1A2, CYP2B1, and
CYP4ALl. In contrast, the induction of CYP2A1 and CYP3A1
was independent of the dose given to the mother. Again, the
lower dose of 100 mg/kg body weight may represent a “satu-
ration” response with respect to the P450 induction of these
isoenzymes.

At the higher treatment dose, a highly significant reduction
in the expression of neonatal CYP2El was observed, and
CYP2C6 did not respond to treatment with Aroclor 1254.

Northern Blot Hybridization
Analysis of Cytochrome P450 mRNA

Figure 2 summarises the Northern blot hybridization experi-
ments. The molecular size of the mRNA transcripts are de-
tailed in Table 6. It should be noted that the CYP1A probe
hybridised to two mRNA transcripts. The upper band (2.9 kb)
was assigned to CYP1A2, whereas CYP1A1 was assigned to

the lower band (2.2 kb). The molecular sizes of the individual
mRNAs are detailed in Table 6 and are fully consistent with
the values reported by others [38]. The Northern blots were
scanned within the linear range.

There was little expression of CYPIAl and CYP1A2
mRNA in control lactating mothers, but treatment with
Aroclor 1254 produced approximately 62-fold and 44-fold in-
creases, respectively. In contrast, approximately 2-fold and 14-
fold increases in mRNA levels of CYP2A1 and CYP2BI, re-
spectively, were observed, whereas no change was seen in
CYP2E1 mRNA levels. Further treatment of lactating mothers
with Aroclor 1254 produced a highly significant reduction in
CYP2C7 mRNA to 56% of control values, and similar results
were obtained when total RNA samples were analysed for
CYP4A1 where the mRNA was reduced to 40% of control
values. The increase in CYP2E1 protein expression was unex-
pected in the face of reduced mRNA levels, but could be the
result of protein stabilisation against degradation. Such a
mechanism of protein induction has been reported for
CYP2E1 using pulse labelling with amino acids (reviewed in
ref. [38]).

Only CYP2A1, CYP2C7, CYP2EL, and CYP4A1l mRNA
transcripts were detected in extracts of hepatic tissue from

control neonates, and lactational transfer of PCBs resulted in
22-,55-, 14-, 49-, and 16-fold increases in CYP1A1, CYP1A2,
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TABLE 4. The effects of Aroclor 1254 treatment on monooxygenase activities predominantly catalysed by maternal and neonatal

CYP2B1 and CYP2E1

Dimethylnitrosamine N-demethylase
(nmol/mg protein/min)

No. of No. of
Treatment group animals M N animals
A. control (4 days) 1.1+04 1.4 +0.3§ (n=15)
B. control (14 days) Not determined! Not determined!
C. 100 mg/kg (4 days) (n=3) 1.8+0.1 4.6 £0.91§ (A,Q) (n=4)
D. 100 mg/kg (14 days) 1.6+0.1 1.8+0.5 (n=4)
E. 250 mg/kg (4 days) 2.1£0.2* (AE) 5.2+0.3%8 (BE) (n=6)
F. 250 mg/kg (14 days) 20+£03 2.1+£0.2 (n=23)

Aminopyrine-N-demethylase (nmol/mg protein/min)
A. control (4 days) 25401 2.9+0.9§ (n=Y5)
B. control (14 days) 26+03 23+0.1 (n=23)
C. 100 mgkg (4 days) (n=23) 22102 3.7£0.2% (n=4)
D. 100 mg/kg (14 days) 25+0.0 1.5+0.3 (n=4)
E. 250 mg/kg (4 days) 49+0.5% (AE) 4.9+0.41§ (AE) (n=6)
F. 250 mg/kg (14 days) 2603 43+0.4% (BF) (n=23)
Aldrin epoxidation (nmol/mg protein/min)

A. control (4 days) 2.2+06 2.5+0.58 (n=23)
B. control (14 days) 2.9+0.8 2.7+0.2 (n=6)
C. 100 mg/kg (4 days) (n=3) 2.7+04 48+0.2*8 (A,C) (n=3)
D. 100 mg/kg (14 days) Not determined 8.4+ 3.6* (B,D) (n=23)
E. 250 mg/kg (4 days) 33+0.1 3.1+£0.98 (n=6)
F. 250 mg/kg (14 days) Not determined 63x33 (n=23)

Values are means + SD.

* P < 0.05; 1 P < 0.02; £ P < 0.01 significantly different, when compared with the appropriate control (see letters in brackets for a comparison of the treatment groups).
§ The entire litter from a single mother was pooled with aliquots taken for individual measurements.

I Statistical analysis was not done as the 14-day control group was not determined.
LM, lactating mothers; N, neonates.

CYP2A1, CYP2BI1, and CYP2E1 mRNA, respectively. In con-
trast, exposure to PCBs caused a highly significant reduction
in CYP2C7 mRNA to 22% of control values and a 50% re-
duction in CYP4A1 mRNA. Nevertheless, the Northern blot
analysis accords, in part, with the Western blot analysis shown
in Fig. 1.

Hybridization analysis of CYP1A1 and CYP1A2 mRNA
(Fig. 2) details the presence of two transcripts. Densitometric
scanning of Northern blot autoradiographs suggests higher
CYP1A1 mRNA levels in response to the lactational transfer
of PCBs.

Expression of the Cellular
Protooncogenes c-raf, c-Ha-ras, c-erb A, and c-erb B

The results of Northern blot hybridization experiments are
summarised in Figs. 3 and 4. An approximate 3-fold increase in
the mRNA expression of c-raf was found when control females
and lactating mothers were compared. A similar level of c-raf
mRNA expression was found when control females and con-
trol neonates were compared (Fig. 3).

Compared with female controls, treatment with Aroclor
1254 resulted in 7- and 4-fold increases in lactating mothers
and neonates, respectively. The increase in c-raf mRNA ex-
pression was only 2-fold when compared with control lactating
mothers and control neonates.

The changes in c-Ha-ras expression were less significant.
Control neonates expressed c-Ha-ras mRNA at twice the level
of control females, whereas little change was seen in control
lactating mothers. Treatment of lactating mothers resulted in
4- and 3-fold increases in mothers and neonates, respectively,
compared to female controls. The increase in c-Ha-ras mRNA
expression was only 2-fold when the treatment group was com-
pared with control lactating mothers. Only marginal changes
in the expression of neonatal c-Ha-ras mRNA were observed
due to lactational transfer of PCBs.

No c-etb A and c-ertb B mRNA transcripts were detected
with liver extracts from control and treated animals. In con-
sequence, PCBs did not modulate the expression of these pro-
tooncogenes.

DISCUSSION

Aroclor 1254 treatment of lactating rats resulted in significant
induction of P450 isoenzymes in both lactating mothers and
neonates. This response was not uniform, and depended on the
isoenzymes studied. There were differences in the response
when maternal rats and their offspring were compared, as the
induction of neonatal P450 isoenzymes depended on the trans-
fer of PCBs via lactation.

Lactational transfer of PCBs resulted in highly significant
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TABLE 5. The effects of Aroclor 1254 treatment on the activities of epoxide hydrolase, glutathione-S-transferase, and UDP-

glucuronyl transferase

Epoxide hydrolase
(pmol/mg protein/min)

No. of No. of
Treatment group animals M N animals
A. control (4 days) 130+ 10 170 £ 50§ (n=25)
B. control (14 days) Not determined" Not determined'
C. 100 mg/kg (4 days) (n=23) 410+ 40% (A,Q) 320+ 70*§ (A,C) (n=4)
D. 100 mg/kg (14 days) 250+ 10 370+ 100 (n=23)
E. 250 mg/kg (4 days) 440+ 501 (AE) 380+ 150%§ (ALE) (n=6)
F. 250 mg/kg (14 days) 340+ 60 300+£0.04 (n=3)

Glutathione-S-transferase {(nmol/mg protein/min)
A. control (4 days) 138.0+24.0 85.0+ 18.08 (n=15)
B. control (14 days) 174.0£39.0 85.0+10.0 (n=26)
C. 100 mg/kg (4 days) (n=3) 2020+ 15 84.0 + 8.08 (n=4)
D. 100 mg/kg (14 days) 491.0+ 391 (B,D) 353.0+£98.01 (B,D) (n=3)
E. 250 mg/kg (4 days) 399.0 £ 34.0% (AE) 123.0+33.08 (n=4)
F. 250 mg/kg (14 days) 657.01 114.01 (B,F) 905.0 £ 68.0% (B,F) (n=23)
UDP-glucuronyl transferase (nmol/mg protein/min)

A. control (4 days) 23+0.1 2.6+0.48 (n=25)
B. control (14 days) 28+03 2203 (n=26)
C. 100 mg/kg (4 days) 3.6+0.41 (A,C) 2.6+0.38 n=4%4)
D. 100 mg/kg (14 days) (n=3) 45+ 0.2% (B,D) 5.2+0.7% (B,D) (n=23)
E. 250 mg/kg (4 days) 3.7+0.13 (AE) 3.0+0.18 (n=6)
F. 250 mg/kg (14 days) 6.4+ 0.3% (BF) 6.7+0.7% (B,F) {(n=23)

Values are means + SD.

* P < 0.05; +P < 0.02; $P < 0.01 significantly different, when compared with the appropriate control (see letters in brackets for a comparison of the treatment groups).
§ The entire litter from a single mother was pooled with aliquots taken for individual measurements.

I Statistical analysis was not done as the 14-day control group was not determined.
LM, lactating mothers; N, neonates.

changes in CYP1A1 and CYP1A2 protein, mRNA, and asso-
ciated enzyme activity (Figs. 1 and 2, Table 3). The present
study extends the earlier findings by several authors [36], [37],
who did not measure the induction of P450 isoenzymes at the
protein and mRNA levels. An intriguing finding of the
present study was the effectiveness of lactational transfer of
PCBs to neonates and their potency in inducing neonatal
P450 proteins. The results shown in Table 3 provide evidence
for a dose- and time-dependent increase in activities, which
became maximal at the higher PCB dose 14 days after mater-

nal treatment. Neonatal CYP1A2 was more responsive to lac-
tational transfer of PCBs as judged by the larger amount of
mRNA that hybridised with the CYP1A2 cDNA probe and
the higher activities of aniline hydroxylase. This contrasts
with the results obtained in lactating mothers. It is noteworthy
that aniline is also metabolised by CYP2E1 but, as Western
blot analysis did not reveal enhanced CYP2E1 protein expres-
sion (see Fig. 1), the results reported in Table 3 are approxi-
mate values for the catalytic activities of neonatal CYP1AZ2.

Parkinson and co-workers [37] reported comparable results

TABLE 5A. The effects of Aroclor 1254 treatment on the activities of epoxide hydrolase

Epoxide hydrolase (nmol/g liver/min)

No. of No. of
Treatment group animals N animals
A. control (4 days) 377.2+£153 358.7+20.1§ (n=5)
B. control (14 days) Not determined" Not determined'
C. 100 mg/kg (4 days) (n=23) 977.1 £49.8% (A,C) 394.5 + 35.8% (n=4)
D. 100 mg/kg (14 days) 732.8+53.7 2413.8 £320.1 (n=23)
E. 250 mg/kg (4 days) 1221.3+108.5 558.9 +18.318 (AE) (n=206)
F. 250 mg/kg (14 days) 1012.5+£30.5 1578.1 £62.0 (n=23)

Values are means + SD.

1 P < 0.01 significantly different, when compared with the appropriate control (see letters in brackets for a comparison of the treatment group).
§ The entire litter from a single mother was pooled with aliquots taken for individual measurements.

! Statistical analysis was not done as the 14-day control group was not determined.
LM, lactating mothers; N, neonates.



Maternal and Neonatal Induction of CYP450 and Protooncogenes by PCBs 525

CYP1A1

CYP1A2

CYP2AT1

CYP2B1

CYP2C6

CYP2E1

CYP3A1

CYP4A1

1234567 89

FIG. 1. Western blot analysis of maternal and neonatal mi-
crosomal P450 proteins. Microsomal proteins were separated
on SDS/PAGE, transferred to nitrocellulose, and probed with
P450 antisera, as detailed in Materials and Methods. Control
lactating mother, lane 1; Aroclor 1254-treated mothers, lanes 2
and 3 (100 mg/kg and 250 mg/kg body weight, respectively).
Lane 4, control neonate; lanes 5 and 6, exposure of neonates to
PCBs via milk in response to a maternal treatment dose of 100
mg/kg and 250 mg/kg body weight Aroclor 1254, respectively.
Lanes 7 to 9, standards (0.4, 0.8, and 1.2 pmol purified P450,
with the exception of CYP2A1).

with rats exposed to human breast milk that contained a PCB
mixture similar to the isomeric and congeneric mixture of
PCBs determined in the Osaka Prefecture in Japan. When
compared with the commercial PCB mixture Kanechlor 500,
the reconstituted human breast milk possessed 7-fold increased
potency in inducing aryl hydrocarbon hydroxylase. This find-
ing provides evidence for a selective ability of certain PCBs to
modulate the induction of CYP1A proteins, since those PCBs
that tend to accumulate are more potent in inducing proteins
of the CYP1A family.

The induction of maternal and neonatal CYP2A1 (see Fig.
1) reported in this study extends the findings of Parkinson et
al. [8], as treatment of three-week-old Long Evan rats with
Aroclor 1254 (500 mg/kg body weight) resulted in a 3-5-fold
increase in immunoreactive protein. Treatment of male rats
with 3,4,5,3',4"-penta- or 3,4,5,3",4",5"-hexachlorobiphenyl
caused an unprecedented high level of induction. A similar
result was obtained with 3,4,5,4"-tetra, 3,3",4,4"-tetra-, and
3,4,5,3’,4'-pentabromobiphenyl. These results document how

CYP1A

CYP2A1

CcYpP2B1

CYP2C7

CYP2E1

CYP4 A1

ACTIN o
1 23 45

FIG. 2. Cytochrome P450 mRNA levels in maternal and neo-
natal liver samples. RNA (10 pg) from maternal and neonatal
liver samples was separated on denaturing formaldehyde aga-
rose gels, transferred to Hybond N, and probed with P450
cDNA probes as outlined in Materials and Methods. Lane 1,
control mother; lanes 2 and 3, Aroclor 1254-treated mothers
(100 mg/kg and 250 mg/kg body weight), respectively; lane 4,
control neonate; lane 5, exposure of neonates to PCBs via milk
in response to a maternal treatment dose of 250 mg/kg body
weight Aroclor 1254.

versatile PCBs are in modulating the expression of CYP2ALI,
as treatment with eight isomeric and congeneric mono-ortho-
substituted halogenated biphenyls produced additional expres-
sion of this protein, albeit at varying degrees.

The present report suggests that the lower dose is effective
in producing maximal induction of the CYP2A1 protein. In
addition, neonates responded with a 14-fold increase in

TABLE 6. Summary of cDNA probes used in northern blot-
ting experiments

Molecular size of cDNA

c¢DNA probe Species hybridized mRNA (kb)
CYP1A1 Human 2.2
CYP1A2 Human 29
CYP2A1 Human 2.0
CYP2B1 Rat 1.8
CYP2C7 Rat 2.0
CYP2E1 Human 1.8
CYP3A Human 1.8
CYP4A Rat 2.1
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FIG. 3. c-raf mRNA levels in control and Aroclor treated maternal and neonatal rat liver samples. Fourteen days after treating
lactating mothers with Aroclor 1254 (250 mg/kg body weight), the livers of 4 control females, 4 untreated, and 4 treated neonatal
rats were pooled separately. Then, total RNA was isolated and separated on agarose gels and transferred to nitrocellulose mem-
branes. Ten pg of total RNA was applied and hybridisation with cDNA probes was carried out as outlined in Materials and Methods.
The autoradiographic signals were quantified densitometrically and normalized to GAPDH mRNA signals.

CYPZA1 mRNA expression when milk of Aroclor 1254
treated mothers was consumed. This compares with a mere
2-fold increase in maternal CYP2A1 mRNA. Thus, the
Northern blot hybridization experiments provide striking ev-
idence for the protective effect of lactation against the induc-
tive effect of PCBs in Aroclor 1254-treated mothers.

Our results are in agreement with reports by others [38], as
we were unable to detect CYP2B1 mRNA in control maternal
and neonatal hepatic tissue (Fig. 2 and Table 5). Treatment
with Aroclor 1254 produced highly significant 14- and 49-fold
increases in maternal and neonatal CYP2B1 mRNA (Fig. 2).
Again, this shows the protective effect of lactation against the
inductive effect of PCBs, but also exemplifies how sensitive
neonates are when they consume milk of Aroclor 1254-treated
mothers, as neonates had a highly induced CYP2B1 protein
compared with the lactating mothers (see Fig. 1 and the en-
zyme activities shown in Table 4).

As shown in the Western blot analysis (Fig. 1), the CYP2C6
protein was not strongly modulated by PCBs in mothers or
neonates. In contrast, a strong induction was seen with
CYP3A1 when lactating mothers were treated with Aroclor

1254, but only 2-fold increases in CYP3A1 mRNA levels were
measured in maternal and neonatal tissue extracts (results not
shown). There was a diminished expression of neonatal
CYP3ALl at the higher treatment dose. This suggests a differ-
ential response in the expression of CYP3A1 in maternal and
neonatal animals to an increasing Aroclor 1254 dose. Again,
the results illustrate how versatile PCBs are in modulating the
induction of CYP3AL.

Treatment of lactating rats with Aroclor 1254 caused sig-
nificant CYP2E1 induction in the mother and the suckling
offspring, but this response was not uniform and, with the
higher dose, a reduced expression of the neonatal CYP2E1
protein was observed. Less CYP2E1 mRNA was detected in
the treatment groups compared to the controls. In contrast,
the activities towards N-nitrosodimethylamine were increased
4 days post treatment, but were independent of the dose.
These results are in agreement with reports by others (re-
viewed in ref. [38]), as CYP2E1 induction has been shown to
occur in rats in response to treatment with acetone, pyrazole,
and ethanol without measurable increases in CYP2ZE1 mRNA.
Experimental evidence has been reported [38, 39] that suggests
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FIG. 4. c-Ha-ras mRNA levels in control and Aroclor-treated maternal and neonatal rat liver samples. Fourteen days after treating
lactating mothers with Aroclor 1254 (250 mg/kg body weight), the livers of 4 control females, 4 untreated, and 4 treated neonatal
rats were pooled separately. Then, total RNA was isolated and separated on agarose gels and transferred to nitrocellulose mem-
branes. Ten pg of total RNA was applied and hybridisation with cDNA probes was carried out as outlined in Materials and Methods.
The autoradiographic signals were quantified densitometrically and normally to GAPDH mRNA signals.

high affinity binding of certain inducers to CYP2E! to stabilise
the protein against degradation.

A similar binding of certain PCB isomers and congeners to
CYP2El may stabilise the protein against degradation. For
comparison, the maternal and neonatal CYP2C7 mRNA tran-
scripts are shown in Fig. 2, and reductions were found in
response to Aroclor 1254 treatment. This may indicate en-
hanced degradation or reduced synthesis of CYP2C7 mRNA.
The physiological implications of diminished CYP2C7 mRNA
in maternal and neonatal liver in response to PCBs remain
uncertain.

In the present study, a dose-dependent increase in the in-
duction of CYP4A1 was observed. This induction was not
paralleled by increases in maternal or neonatal CYP4Al
mRNA. This may indicate post-transcriptional regulation of
CYP4A proteins against degradation. Treatment of rats with a
dose of 600 umol/kg body weight Aroclor 1254 resulted in the
specific induction of 12-hydroxylation of lauric acid [40]. Fur-
thermore, treatment of maternal rats with a low dose of 5
mg/kg body weight of either 2,2%,4,4’,5,5"-hexachlorobiphenyl
or 3,3',4,4"-tetrachlorobiphenyl resulted in an increase in im-

munoreactive CYP4A protein measured in the neonate [41].
This suggests that the induction of CYP4A may not require
the rigid molecular substitution pattern of PCBs, as reported
for the induction of other P450 isoenzymes such as CYP1A,
CYP2A, and CYP2B proteins (see discussion above and ref.
{8]). There is additional evidence to suggest a synergistic mode
of action when both PCBs are given in combination, as further
increases in immunoreactive protein could be measured [41].
A recent report (reviewed in ref. [38]) suggests a mechanism of
induction that involves binding of hypolipidemic drugs to a
steroid hormone receptor, but it remains uncertain whether
PCBs modulate this receptor.

The expression of protooncogenes in rat liver induced by a
diet supplemented with a mixture of PCBs was reported [35].
Of the ten protooncogenes investigated, c-Ha-ras, c-erb A,
c-raf, and c-yes were increased at the mRNA level in adult rat
liver. Similar results were obtained for weaning rat liver
mRNA extracts, but c-erb B was additionally expressed in
comparable experiments. This points to developmental differ-
ences in the expression of protooncogenes in adult and ado-
lescent rats. In the present study, evidence is presented to
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suggest some hormonal control, at least in part, of the pro-
tooncogenes c-Ha-ras and c-raf. This hormonal control may
explain the increased mRNA expression of the above named
protooncogenes in untreated mothers and neonates, but PCBs
additionally enhanced their expression to a similar extent in
mothers and neonates.

DNA sequence analysis of the 5’-upstream flanking region
of the rat c-raf protooncogene resulted in the discovery of the
dioxin responsive element (DRE) (Jenke et al., unpublished
data). This undoubtedly will increase our understanding of
how PCBs modulate the expression of the c-raf protoonco-
gene, as certain PCBs bind with high affinity to the dioxin
(Ah) receptor, leading to a cascade of cellular events including
binding to the DRE [42]. It is of considerable interest that an
estrogen responsive element (ERE) was also discovered in the
promoter region of the c-raf protooncogene (Jenke et al., un-
published results), in view of the fact that certain PCBs and
their metabolites bind to the estrogen receptor [43, 44]. The
latter finding is likely to aid in the interpretation of our recent
finding that female rats were found to have higher expression
of the c-raf protooncogene in pre-neoplastic lesions and iso-
lated nodules when compared with male rats [45]. Taken col-
lectively, PCBs are likely to modulate protooncogene expres-
sion via interaction with the ERE and DRE. The expression of
protooncogenes is considered to be deleterious. There is com-
pelling evidence implicating c-Ha-ras in the development of
neoplasms in colon, lung, and pancreas [46], and c-raf in the
onset of hepatocarcinogenesis [47, 48]. In the present study,
differences in the mRNA expression of CYP1Al and c-raf
following treatment with Aroclor 1254 were found. It will be
of interest to investigate further the difference in sensitivity to
Aroclor 1254 exposure, as both genes are modulated by the
DRE.

As discussed above, the doses selected for this study were
based on those studied by others. Transplacental transfer of
PCBs has recently been reported in which similar doses were
investigated [49]. Therefore, the dose selection in this study
permitted direct comparisons to the findings reported by oth-
ers. However, it must be pointed out that the doses used in this
study are only comparable to those observed in Japan and
Taiwan, where over 1000 people were poisoned by consuming
bran oil accidentally contaminated with PCBs. Nevertheless,
the findings of the present study do not necessarily permit an
extrapolation to lower doses. Future studies should establish
dose-response relationships at lower doses.

In conclusion, this study shows how effectively the maternal
body burden of PCBs can be lowered during lactation. In other
words, the transfer of PCBs into milk protected lactating rats
to some extent against the inductive effects of PCBs. The
toxicological endpoints studied in this report were detoxifica-
tion and tumour markers, and these endpoints are valuable in
predicting the toxicity of PCBs at early stages of cellular al-
terations. For instance, the induction of CYP1AI1 is deleteri-
ous due to its role in the bioactivation of pro-carcinogens such
as benzo(a)pyrene. Other factors, such as displacement of
physiological ligands from receptors by PCBs and their metab-
olites, are likely to alter significantly the normal physiclogical
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functioning of cells. This is exemplified in the activation of
P450 genes and protooncogenes, which are pivotal signals for
the onset of certain neoplasms [11, 47, 48].

The studies by Nims and co-workers [11] suggest a positive
correlation between the induction of alkoxyresorufin O-deal-
kalases, epoxide hydrolase, and liver weight gain with the
tumour-promoting potential of a series of barbiturates. Com-
parable changes were observed in the present study within 14
days post treatment. Nevertheless, this study also shows the
necessity of assessing several if not all markers, as PCBs pro-
duce a variety of cellular alterations that cannot be predicted
from the study of a single endpoint.

The financial support provided by the Cancer Research Campaign of Great
Britain to J. T. Borlak and R. R. Dils is gratefully acknowledged.
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