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Proceedings of the

2nd PCB Workshop: Recent Advances in the
Environmental Toxicology and Health Effects of PCBS

FOREWORD

The Second PCB Workshop, entitled "Recent Advances in the Environmental Toxicology and Health Effects of PCBs" was attended by more than
150 scientists from Europe, the Americas and Asia. They met in Brno, Czech
Republic during the week of May 7-11, 2002. The NIEHS/EPA-Superfund
Basic Research Program, the Graduate Center for Toxicology at the University of Kentucky and the Research Centre for Atmospheric and Environmental
Chemistry and Ecotoxicology of Masaryk University, Brno sponsored the
Workshop. Papers were presented at six separate sessions (including poster
sessions) emphasizing themes related to the origins, human residues and exposures, actions, biomarkers, risk and remediation of polychlorinated biphenyls (PCBs). Special thanks to the NIEHS/EPA-Superfund Basic Research Program for their support of the publication costs of this volume of
articles that grew out of that meeting.

Dr. Holoubek

Dr. Robertson

RECETOX-TOCOEN & Associates
Brno - Czech Republic

University of Iowa
Iowa City - USA
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HYDROXYLATED POLYCHLORINATED BIPHENYLS
AS POOR SUBSTRATES BUT GOOD INHIBITORS OF
THE GLUCURONIDATION AND SULFONATION OF
HYDROXYLATED BENZO(A)PYRENE METABOLITES
Margaret O. James and Laura Rowland-Faux
Department of Medicinal Chemistry, College of Pharmacy, University of Florida, Gainesville, FL 32610-0485, USA

SUMMARY

INTRODUCTION

Hydroxylated polychlorinated biphenyls (OH-PCBs)
have been found in fat and blood samples of several top
predators, including humans. OH-PCBs are expected to
be substrates for the phase II conjugating enzymes, UDPglucuronosyltransferase (UGT) and PAPS-sulfotransferase (SULT), thus their interaction with these enzymes
is of interest. Some OH-PCBs have been shown to inhibit
the sulfonation of thyroxine and estradiol by rat and human SULT enzymes and of a phenolic metabolite of the
polycyclic aromatic hydrocarbon (PAH), benzo(a)pyrene
(BaP) by channel catfish intestinal SULT. It was also
shown that OH-PCBs inhibited glucuronidation of 3-OHBaP in catfish intestine. This may be of toxicological
importance, since PAHs, many of which can be metabolically activated to carcinogens if not detoxified, often coexist with PCBs in environmental samples. Both PCBs
and PAHs are taken up primarily through the diet, and are
subject to biotransformation in the intestine as well as the
liver. The ease of conjugation of OH-PCBs is not well
documented in mammalian species, and has not been
studied in fish species. This paper summarizes some recent studies of a small group of OH-PCBs as substrates of
channel catfish intestinal UGT and SULT, and reports the
inhibition of (-)-BaP-7,8-dihydrodiol glucuronidation by
4’-OH-CB-72. The OH-PCBs studied as substrates were
metabolites of 3,3’,4,4’-tetrachloro-biphenyl (CB-77), and
were shown to be much more slowly metabolized in catfish
intestine than 3-OH-BaP, especially at low concentrations.

Hydroxylated metabolites of PCBs are potentially
toxic and are produced by the action of cytochrome P450
on the parent PCB [1]. It may be expected that hydroxylated PCBs (OH-PCBs) will be conjugated by sulfonation or glucuronidation and excreted in bile or urine. It
appears, however, that some OH-PCBs are quite slowly
eliminated from the body, especially those that bind to the
thyroid hormone transporting protein, transthyretin [2-5].
Several recent papers have reported finding unconjugated
OH-PCBs in blood from humans exposed to PCBs
through the diet [6-8]. The OH-PCBs may be formed
from ingested PCBs by the action of cytochrome P450, or
may possibly be absorbed from food such as fish environmentally exposed to PCBs. Although direct absorption
of OH-PCBs has not been demonstrated, OH-PCBs are
only slightly less lipophilic than the parent PCBs, and
would be expected to be absorbed from the gastrointestinal tract [1]. Studies of the bioavailability and biotransformation of 3,3’,4,4’-tetrachlorobiphenyl (CB-77) in an
in situ preparation of channel catfish intestine showed that
small amounts of hydroxylated metabolites were formed
in the catfish intestine and transferred to blood [9]. Another possible explanation for finding unconjugated OHPCBs in blood may be that some OH-PCBs are relatively
poor substrates for UDP-glucuronosyltransferase (UGT)
and PAPS-sulfotransferase (SULT) and are thus not excreted efficiently. There is little information on the conjugation of OH-PCBs in either intestine or liver.
Related to the interaction of OH-PCBs as substrates
of UGT and SULT is the possibility that the OH-PCBs
may inhibit one or more isozymes of each of these conjugating enzymes. It was reported that several OH-PCBs
were potent inhibitors of human estrogen SULT [10] and
rat thyroid hormone SULT [11, 12]. Since PCBs and
PAHs are often found together in the environment, it was
of interest to determine if OH-PCBs would inhibit the
conjugation of hydroxylated metabolites of PAHs, some

KEYWORDS: Hydroxylated PCBs, Glucuronidation and sulfonation of hydroxy-PCBs, Inhibition of glucuronidation, (-)-benzo(a)
pyrene-7,8-dihydrodiol channel catfish intestine.
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of which may be further metabolized to highly reactive
carcinogens. For example, the proximate carcinogen, (-)BaP-7,8-dihydrodiol may be detoxified by glucuronidation,
or may be further metabolized by CYP1A to (+)-anti-BaP7,8-dihydrodiol-9,10-oxide, an ultimate carcinogen [13].
Inhibition of the glucuronidation of (-)-BaP-7,8-dihydrodiol in an animal could result in greater metabolism to (+)anti-BaP-7,8-dihydrodiol-9,10-oxide, and lead to greater
potential for DNA damage to that animal from BaP exposure. There is also evidence that 3-OH-BaP may be further
metabolized by cytochrome P450 to reactive metabolites,
such as 3-OH-BaP-7,8-dihydrodiol-9,10-oxide [14]. Inhibition of 3-OH-BaP conjugation by OH-PCBs could lead to
mono-oxygenation to this reactive metabolite. Previous
studies showed that several hydroxylated metabolites of
CB-77 and related OH-PCBs inhibited the sulfonation and
glucuronidation of 3-OH-BaP in the channel catfish intestine [15]. 4’-OH-CB72 was a potent inhibitor of the glucuronidation of 3-OH-BaP in the channel catfish intestine,
with IC50 of 3.2 µM. In the present paper, the effect of 4’OH-CB72 on (-)-BaP-7,8-dihydrodiol glucuronidation in
channel catfish intestine was investigated, as was the glucuronidation and sulfonation of several hydroxylated metabolites of CB-77 and of 4’-OH-CB72.

protein per tube) together with 0.1M Tris-Cl pH 7.6, 5 mM
MgCl2 and 200 µM 14C-UDPGA in a final volume of
0.1 ml. Each tube contained 0.4 µCi 14C. The ratio of
Brij-58 to microsomes was shown experimentally to be
optimal for the catfish intestinal microsomes. For assays
of sulfonation, 0.4% bovine serum albumin, 0.05 M TrisCl, pH 7.0, 20 µM 35S-PAPS and 300 µg cytosol were
added to tubes in a final volume of 0.1 ml. Each tube
contained 2 µCi 35S. For both assays tubes were incubated
at 35 °C for 40 min, then the reaction was terminated by
addition of 0.05 ml 2.5% acetic acid, 0.05 ml 0.05 M
tetrabutylammonium sulfate, 0.3 ml water and 2 ml ethyl
acetate, with vortex-mixing. After centrifugation to separate the phases, the ethyl acetate fractions were removed.
Each extraction was repeated with 1 ml ethyl acetate.
Portions of each pooled ethyl acetate extract, containing
the ion-pair complex of the PCB-O-glucuronide or PCBO-sulfonate, were counted for radioactivity.
Glucuronidation of (-)-benzo(a)pyrene-7,8-dihydrodiol.

An HPLC assay was used to investigate the inhibition of
7- or 8-glucuronidation of BaP-7,8-dihydrodiol by 4’-OHCB-72. Assay tubes contained (-)-BaP-7,8-dihydrodiol,
80 µM, 0.1M Tris-Cl pH 7.6, 5 mM MgCl2, 200 µM
UDP-glucuronic acid and microsomes treated with detergent as above, 100 µg. Different concentrations of a
DMSO solution of 4’OH-CB-72 were added such no
more than 2% DMSO was present in the total assay volume of 0.1 ml. Tubes were incubated for 30 min at 35 °C,
then the reaction was terminated by addition of 0.1 ml
methanol containing 1 mM p-hydroxybiphenyl as internal
standard. After removal of the precipitated protein by
centrifugation, an aliquot of the supernatant was analyzed
by reverse-phase HPLC at 26 °C. The stationary phase
was a 25 cm x 4.6 mm C18 reverse-phase column with C18
pre-column (Discovery system, Supelco, Bellefonte, PA).
The starting mobile phase of 0.005 M tetrabuylammonium sulfate in 60% methanol was used at a flow rate of 0.8
ml/min for 21 min, then the concentration of methanol
was increased to 70% over 12 min and held at 70% for a
further 10 min. The eluent was passed through a fluorescence detector set at excitation 320 nm, emission 420 nm.
Under these conditions the internal standard eluted at
15.8 min, the 7,8-dihydro-8-hydroxy-benzo(a)pyrene-7glucuronide conjugate at 22.0 min, the 7,8-dihydro-7hydroxy-benzo(a)pyrene-8-glucuronide at 24.4 min and the
unchanged (-)-benzo(a)pyrene-7,8-dihydrodiol at 34.1 min.
Peaks were identified as described in a separate publication (James and Faux, in preparation). Product formation
was monitored by comparing the peak area ratios for each
glucuronide with that of the internal standard.

MATERIALS AND METHODS
Chemicals. 2-Hydroxy-CB-77, 5-hydroxy-CB-77, 6hydroxy-CB-77 and 4’hydroxy-CB-79 were a generous gift
of Drs. H-J. Lehmler and L.W. Robertson and synthesized
as described previously [16]. 4’-Hydroxy-CB72 was purchased from Accustandard, New Haven, CT. (-)-Benzo(a)
pyrene-7,8-dihydrodiol was obtained from the National
Cancer Institute Chemical Carcinogen Repository. 14C-UDPglucuronic acid (UDPGA) and 35S-3’-phosphoadenosine 5’phosphosulfate (PAPS) were purchased from NEN Life
Science Products, Boston, MA and mixed with unlabeled UDPGA or PAPS as necessary. All other chemicals were purchased from Sigma Chemical Company, St.
Louis, MO.
Animals. Channel catfish, body weight 1000-1500 g,
were obtained from a local aquaculture farm and fed with
a semi-purified laboratory diet for at least two weeks prior
to use. Microsomes and cytosol fraction were prepared
from catfish proximal intestinal mucosa as described
previously [17].
Glucuronidation and sulfonation of OH-PCBs. The ionpair extraction method of Varin et al [18] was used as
modified previously [19]. A methanol solution of the OHPCB was added to each assay tube, in amounts that would
give final concentrations of 5 µM, or other concentrations
as needed, and the methanol evaporated under nitrogen.
For assay of glucuronidation, a mixture of microsomes
treated with Brij-58 at a ratio of 1 mg microsomes per
0.5 mg Brij-58 was added (0.1 to 0.2 mg microsomal

RESULTS
The glucuronidation and sulfonation of OH-PCBs in
intestinal preparations were shown to proceed quite slowly
at the tested substrate concentration of 5 µM (Table 1), es-
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TABLE 1
Conjugation of hydroxylated PCBs by catfish intestinal microsomes (UGT) or cytosol (SULT).

Compound

Rate at 5 µM substrate concentration,
pmole/min.mg proteina
UGT
SULT

2-OH-CB-77
4’-OH-CB79
5-OH-CB77
6-OH-CB-77
4’-OH-CB72

13.5 ± 2.5 (3)
8.1 ± 2.9 (3)
4.6 ± 1.6 (4)
2.1 ± 0.3 (3)
12.6 ± 3.6 (3)
9.9 ± 3.5 (3)
12.3 ± 0.3 (3)
Rate at 1 µM substrate concentrationb
Pmol/min.mg protein
390 ± 130 (6)
1270 ± 490 (6)

3-OH-BaP
a

Values are mean ± S.D. (n). b Data taken from James et al. [17]

-1

nmole.min .mg prot

1/V

-1

pecially when compared with the rates of conjugation of
1 µM 3-hydroxybenzo(a)pyrene. When assayed at concentrations of 1 µM, rates of glucuronidation of 2-OHCB-77, 6-OH-CB-77 and 4’OH-CB-79 were one quarter
to one third those shown at 5 µM. Preliminary studies
showed that the apparent Km values for UGT with these
substrates were between 30 and 60 µM, with rates increasing up to substrate concentrations of 300 µM (data not
shown). 4’-OH-CB72 was also slowly glucuronidated and
studies showed that the Km with this substrate was 162 ±
54 µM (mean ± S.D.) in intestinal microsomes from three
separate fish and Vmax was 414 ± 131 pmole.min-1.mg
protein-1. A Lineweaver-Burke plot from one of the
three fish is shown in Fig 1.

-25

TABLE 2 - IC50 values, µM, for inhibition of (-)-BaP7,8-dihydrodiol glucuronidation by 4'-OH-CB72.

Fish
treatment

8-hydroxy-BaP-7glucuronide

7-hydroxy-BaP-8glucuronide

Control

16.0 ± 3.2

17.7 ± 4.6

3-MC

22.1 ± 1.0

24.9 ± 2.9

Values shown are mean ± S.D., n=4.

It was shown that 4’-OH-CB-72 inhibited glucuronidation of benzo(a)pyrene-7,8-dihydrodiol at both the 7and 8 positions, with similar IC50 values for each position
of glucuronidation (Table 2). Microsomes from control
fish were somewhat more sensitive to inhibition than
microsomes from 3-MC-induced fish, but although the
difference was statistically significant, the magnitude of
the difference was not great.

50
40

DISCUSSION

30

There is little information in the literature about the
conjugation of OH-PCBs. The OH-PCBs are of toxicological importance as hormonally active agents [11, 20, 21].
The ability of fish to conjugate OH-PCBs is of interest, as
fish are useful as vectors for transfer of lipophilic environmental chemicals to humans. The role of fish in transferring parent PCBs to humans is well documented, in
that there is a strong correlation between blood levels of
PCBs and consumption of fish from contaminated areas
[8]. It is also quite possible, but has not yet been demonstrated, that metabolites of PCBs can be absorbed from
food, especially if they retain lipophilic character, as is
the case with OH-PCBs. Metabolites of PAHs, which are
similar in lipophilicity to PCBs, are known to be absorbed
across the intestine. For example, benzo(a)pyrene-7,8dihydrodiol was more readily absorbed from the catfish

20
10

0

25

50

75

100

-1

1/[4'OH-CB72], mM

FIGURE 1
Lineweaver-Burke plot for glucuronidation of 4’OH-CB72 by channel catfish intestinal microsomes. Substrate concentrations ranged
from 5 to 150 µM. The calculated Km was 0.147 mM and Vmax was
388 pmole/ min/ mg protein. This experiment was repeated with two
other samples of catfish intestinal microsomes, with similar results.
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INHIBITION OF APOPTOSIS IN RAT HEPATOCYTES
TREATED WITH ‚NON-DIOXINLIKE‘ PCBs
Stefan Bohnenberger, Barbara Wagner, Hans-Joachim Schmitz, and Dieter Schrenk
Department of Food Chemistry and Environmental Toxicology, University of Kaiserslautern, D-67663 Kaiserslautern, Germany.

SUMMARY
The tumour-promoting effects of polychlorinated biphenyls (PCBs) have been studied in rodents for a number
of congeners including both 'dioxin-like' and 'non-dioxinlike' compounds. Many of the latter congeners are inducers of cytochrome P450 (CYP) 2B1 and 2B2 similar to
the liver tumour promoter phenobarbital. In contrast,
'dioxinlike' PCB congeners induce CYP1A isozymes, and
other congeners have been classified as 'mixed-type' inducers. Inhibition of apoptosis of preneoplastic hepatocytes is thought to play a central role in tumour promotion
in rat liver. We have used the inhibition of UV-induced
apoptosis in rat hepatocytes in primary culture as an in
vitro model for mechanistic studies on the inhibition of
apoptosis. It could be shown that phenobarbital and the
'non-dioxin-like' PCB congeners 28, 101, and 187 completely inhibit UV-induced apoptosis. The concentrationresponse-curves and EC50 -values for this effect, however,
apparently were different from those of induction of
CYP2B1/2B2-catalysed 7-pentoxyresorufine O-dealkylase (PROD) or CYP1A-catalysed 7-ethoxyresorufine Odeethylase (EROD) activities. The PCB congeners and
phenobarbital did not affect the spontaneous incidence of
apoptotic nuclei. In conclusion, 'non-dioxinlike' PCB
congeners are likely to promote liver carcinogenesis via
the suppression of apoptosis. The signaling events in rat
hepatocytes leading to induction of 2B1/2B2 activity by
the compounds investigated may differ from those leading
to inhibition of apoptosis.

oxyresorufin O-deethylase; DMEM, Dulbecco's modi-fied
Eagle's medium; hsp 90, heat-shock protein 90; PCBs,
polychlorinated biphenyls; PBREM, phenobarbitalresponsive enhancer module; PROD, 7-pentoxy-resorufin
O-dealkylase; RXR, retinoid X receptor; TCDD, 2,3,7,8tetrachlordibenzo-p-dioxin; TEFs, toxicity equivalency
factors.
INTRODUCTION
In rodent experimental models, a variety of PCB congeners as well as technical PCB mixtures lead to tumour
promotion in the liver [1-6]. In a study of workers exposed to PCB mixtures a significant increase in liver
cancer was observed [7].
For practical classification, PCB congeners are classified as ,dioxinlike’ and ,non-dioxin-like’ congeners [6].
This principle is based on the fact that a number of PCB
congeners exert biological effects similar to those of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most
toxic dioxin congener. In particular, 'dioxin-like' PCBs
bind to the dioxin or aryl hydrocarbon receptor (AhR) and
lead to characteristic effects on the expression (Fig. 1) of
AhR-regulated genes including cytochrome P450
(CYP)1A1 [6]. In contrast, a number of ,non-dioxinlike’
PCB congeners are inactive or almost inactive as AhRagonists, but induce a battery of drug-metabolizing enzymes including CYP2B1/2B2 known as phenobarbitalinducible genes [6, 8]. This pathway includes the constitutive androstan receptor CAR which, upon activation,
forms a heterodimer with the retinoid X receptor (RXR).
The active complex binds to an enhancer module in the
5’-flanking region of responsive genes leading to their
enhanced transcription (Fig. 2).

KEYWORDS:
Apoptosis; cytochrome P450; polychlorinated biphenyls, nondioxin-like‘; rat hepatocytes; tumour promotion

ABBREVIATIONS

The PCB congeners activating this pathway sometimes are categorized as ,phenobarbital-like’ inducers. It
has to be kept in mind, however, that these compounds do
not share many other major pharmacological or toxicological properties with the hypnotic drug phenobarbital.

AhR, aryl hydrocarbon receptor; ARNT, aryl hydrocarbon receptor nuclear translocator; CAR, constitutive
androstan receptor; CYP, cytochrome P450; EROD, 7-eth-
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FIGURE 1 - Activation of gene expression via the arylhydrocarbon receptor (AhR).
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FIGURE 2 - Activation of gene expression via the constitutive androstan receptor (CAR).
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In addition, inducing properties concerning drugmetabolizing enzymes have not been investigated for a
number of other PCBs. A variety of PCB congeners induce both CYP 2B1/2B2 and 1A isozymes in rat liver,
and, therefore, have been categorized as 'mixed-type'
inducers [8].

cytes were isolated as described [20] using a modification
of the sequential perfusion technique originally described
by Seglen [21]. The cells were cultured using the collagen
sandwich procedure [22]. For the preparation of collagen,
collagen-rich fibers were isolated from eight rat tails and
dissolved in 800 ml 3% acetic acid at 4 0C. Insoluble material was removed by centrifugation at 2,300 g and 4 0C for
90 min. Then, 1/5 volume of 30% NaCl solution was
added to the supernatant, and the precipitated collagen was
collected by centrifugation at 2,300 g and 4 0C for 30 min.
The pellet was resuspended in 175 ml 5% NaCl solution
and centrifuged at 2,300 g and 4 0C for 30 min. The pellet
was dissolved in 25 ml 0.6% acetic acid, and was filled up
to a total volume of 400 ml by adding 0.6% acetic acid.
After a 48-h dialysis against 1 mM HCl the collagen solution was lyophilized. Prior to use, 1.5 mg collagen was
dissolved in 1 ml of 1 mM HCl to obtain a stock solution.
This solution was diluted with nine volumes of l0x DMEM,
the culture dishes were coated with 700 ml of the dilution
and then kept in a tissue culture incubator for 1 h at 37 0C.
After hardening of the gel the cells were seeded and incubated as described [17]. The cells were covered with 500 ml
collagen solution in 10x DMEM 1 h before treatment.

A common feature of TCDD, phenobarbital, and a
number of PCB congeners is their tumour-promoting potency in rat liver, when the animals have been treated previously with a genotoxic (initiating) carcinogen [5, 9-11]. It
is assumed that the subsequent treatment with a tumourpromoting agent facilitates the clonal expansion of cells
bearing a critical damage in their genome. This clonal
expansion raises the risk of malignant transformation of
genetically altered cells eventually resulting in the development of malignant tumours. A number of mechanisms
have been proposed to explain the supportive effect of
tumour promoters on the growth of preneoplastic cells [12].
According to a current hypothesis the inhibition of apoptosis, intrinsically enhanced in preneoplastic clones, may
play a central role in the mechanism of tumour promotion [13]. In fact, inhibition of apoptosis in preneoplastic
enzyme-altered foci has been demonstrated for the liver
tumour promoters phenobarbital, TCDD, and others [1315]. In the case of tumour-promoting PCB congeners, no
data on the effect on apoptosis in preneoplastic rat liver
are available. In rat hepatocytes in primary culture and in
rat hepatoma cell lines, anti-apoptotic effects were described for phenobarbital, tumour-promoting peroxisome
proliferators, and TCDD [16-19].

Induction of cytochromes P450: Hepatocytes were seeded
at a density of 100,000/cm2 on collagen-coated 60 mm Petri
dishes and were incubated as described [17]. After 3 h the
cells were covered with 700 ml of collagen dilution in l0x
DMEM. Twelve h after seeding PCBs dissolved in DMSO
and phenobarbital dissolved in sterile saline (0.9% NaCl)
were added. The added volume of DMSO did not exceed
0.5% of the total volume per dish. Controls were treated
with DMSO or saline only. The cultures were washed,
harvested, and homogenized 48 h after addition of the
inducers. Then 7-ethoxyresorufine O-deethylase (EROD)
and 7-pentoxyresorufine O-dealkylase (PROD) activities
were analyzed using the method of Burke and Mayer [23].

This study was designed to investigate a possible relationship between 'phenobarbital-type' induction of CYP
isozymes/activities, and the effects on UV-initiated apoptosis in rat hepatocytes after treatment with phenobarbital
and certain ,non-dioxinlike’ PCB congeners.

Inhibition of apoptosis: Hepatocytes were seeded at a
density of 60,000/cm2 on Quadriperm dishes (Heraeus,
Frankfurt) with an area of 20 mm2. After 12 h the medium
was replaced by a fresh one, and after 15 h the cells were
treated with UV light as described [17]. Treatment with
phenobarbital or PCBs was performed 30 min after irradiation. For the counting of apoptotic nuclei, the cells were
fixed, washed, and air-dried 12 h after treatment with the
tumour promoters as described [20], and stained with an
aqueous 8 mM solution of 4’,6-diamidino-2-phenylindole
(DAPI) and 10 mM sulphorhodamine 101. The microscopic analysis of the encoded slides was carried out
using a Zeiss (Jena, Germany) fluorescence microscope
(Axioskop) equipped with a BP 450-490 excitation filter
and a LP 520 emission filter. The slides were stored at 4
0
C protected from light. All experiments were carried out
in double, and 3 x 1,000 nuclei were examined on each
slide. Condensed, half moon-shaped, and scattered nuclei
were summarized as apoptotic nuclei as described earlier
[17].

MATERIALS AND METHODS
Chemicals: Bovine serum albumin, collagenase type IV,
and phenobarbital were from Sigma (Taufkirchen, Germany), Dulbecco’s modified Eagles’s medium (DMEM)
from Seromed (Berlin, Germany), and Waymouth’s medium MD 705/1 and fetal calf serum from Gibco BRL
(Heidelberg, Germany), ITS and ITS+ from Becton Dickinson (Heidelberg, Germany), and the PCB congeners
IUPAC number 28 (2,4,4’-trichlorobiphenyl), 101 (2,2’,4,
5,5’-pentachlorobiphenyl), and 187 (2,2’,3,4’,5,5’,6-heptachlorobiphenyl) from Promochem (Wesel, Germany). All
other chemicals were purchased at the highest purity
commercially available.
Hepatocytes and Cell Culture: Male Wistar rats were
obtained from Charles River (Kisslegg, Germany) and
were kept under standard conditions. Adult animals at a
body weight of 150-180 g were anesthetized, and hepato-
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Statistical analysis: Means and standard deviations
were calculated from independent experiments. For (multiple) comparisons of means of the treated cultures with
untreated controls Dunnett’s test for independent samples
was used.

resulted in a maximum level between 10 and 15 pmol/min
x mg protein. With phenobarbital a complete induction
curve was obtained for the CYP1A-catalyzed 7ethoxyresorufin O-deethylase (EROD) activity, whereas
the PCBs were inactive as EROD inducers. Fitting of a
sigmoidal dose-response function (not shown) to the experimental data using a log-probit procedure allowed the
calculation of EC50-values (95% confidence intervals;
Table 1). With respect to PROD induction, phenobarbital
was about tenfold less potent than PCB 28. The inducing
potencies of the PCBs as inducers of PROD followed the
rank order PCB 187>PCB28>PCB101.

RESULTS
In rat hepatocytes cultured between two layers of collagen (,sandwich culture’) UV pulse-irradiation at a specific intensity of 90 J/m2 almost doubled the number of
apoptotic nuclei after 12 h. After 6 or 18 h the numbers of
apoptotic nuclei were significantly lower (data not
shown). Therefore, the number of apoptoic nuclei was
determined 12 h after UV treatment in all subsequent
experiments. With a dose of 120 J/m2 less apoptotic nuclei
were detected, while no significant increase in apoptosis
was observed 12 h after treatment with 150 J/m2 . This dose
resulted in massive acute cell death (not shown), which
probably prevented the onset of the apoptotic pathways.
The liver tumour promoter phenobarbital, which was previously reported to suppress UV-induced apoptosis in rat
hepatocytes [17], was used as a reference compound. Addition of 2 mM phenobarbital 30 min after UV irradiation
completely suppressed the increase in apoptosis. For further experiments with the PCBs 28, 101, and 187 standard
conditions were used (single UV irradiation with 90 J/m2,
determination of apoptotic nuclei after 12 h). It was found
that phenobarbital and the three tested PCBs inhibited the
increase in apoptosis in a concentration-dependent manner.
This effect reached a level of at least 90% inhibition of
additional, UV-induced apoptosis with phenobarbital at
10-7 M, PCB 28 at 10-9 M, PCB 101 at 10-7 M, and
PCB 187 at 10-6 M, i.e, the range of ,spontaneous’ apoptosis found without UV irradiation was achieved.

DISCUSSION AND CONCLUSION
The tumour-promoting potency of PCBs and related
environmental pollutants represents an important parameter
in risk assessment of this group of chemicals. A variety of
PCBs are members of the large and structurally diverse
group of tumour-promoting agents which support the clonal expansion of preneoplastic cell clones in rat liver, thus
enhancing the risk of malignant transformation [12]. The
molecular mechanism(s) underlying tumour promotion
are poorly understood. A number of hypotheses exist,
however, including the notion that inhibition of apoptosis
intrinsically enhanced in preneoplastic hepatocyte clones
may play an important role [13].
The situation is complicated by the fact that PCBs
can be divided into compounds with a ,dioxin-like’ pattern of biochemical and toxic effects, and those with a
,non-dioxinlike’ mode of action. In many cases, however,
no clear borderline can be drawn between both groups.
The classification of non-ortho-substituted PCB congeners as ,dioxin-like’ is mainly based on their agonistic
potency as ligands of the Ah or dioxin receptor (AhR)
leading to characteristic molecular and cellular events [1,
6] including the induction of CYP1A isozymes. Those
,dioxin-like’ PCBs investigated so far act as tumourpromoters in rat liver [5, 8, 9], thus resembling the most
potent agonist within the family of ,dioxins’, 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD) [10, 24].

All PCBs tested as well as phenobarbital led to a concentration-dependent induction of CYP 2B1/2B2catalysed 7-pentoxyresorufine O-dealkylase (PROD) activity in cell homogenates. Phenobarbital and the PCBs 101
and 187 exhibited a maximum efficacy in the range of 19 30 pmol/min x mg protein whereas treatment with PCB 28

TABLE 1 - EC50 values for induction of PROD- and EROD-activities in homogenates from
rat heptocytes in primary culture after treatment with phenobarbital, PCB 28, 101, 138 or 187.

Inducer

PROD induction
EC50 ∀S.D. (M)

EROD induction
EC50 ∀S.D. (M)

Inhibition (90%) of UVinduced apoptosis (M)

Phenobarbital

2.4 x 10-5 ∀ 0.17 x 10-5

1.8 x 10-5 ∀ 1.2 x 10-5

10-7

PCB28

3.3 x 10-6 ∀ 0.34 x 10-6

-

10-9

PCB 101

5.7 x 10-6 ∀ 0.97 x 10-6

-

10-7

PCB187

1.2 x 10-7 ∀ 0.2 x 10-7

-

10-6
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Among the ,non-dioxinlike’ PCBs there are also a
number of congeners acting as tumour promoters in rat
liver [1, 5, 8, 9]. With another promoting agent, phenobarbital, they have in common the induction of a battery
of certain drug-metabolizing enzymes including CYP
2B1/2B2 [6, 8]. The signaling pathway leading to 'phenobarbital-type' induction of CYP2B genes involves the constitutive androstan receptor (CAR) which acts as a transactivator of a distal enhancer in responsive genes, called the
phenobarbital-responsive enhancer module [25].

Systematic investigations on possible links between
the induction of CYP isozymes and liver tumour promotion are rare. With the AhR-agonist TCDD tumour promotion was observed in the livers of female, but not of
male Sprague-Dawley rats in spite of the fact that efficient induction of CYP1A isozymes/activities was evident
in both sexes [27]. On the other hand, there are indications
of a relationship between the relative tumour-promoting
and CYP1A-inducing potencies for the class of 2,3,7,8substituted PCDDs in the liver of female rats [2, 10]. Thus,
it appears likely that AhR agonists may act as liver tumour promoters in a certain experimental model, such as
the female rat, according to their affinity towards the
receptor. For the more diverse family of PCBs and other
tumour promoters in rodent liver, there is some correlation between the induction of drug-metabolizing enzymes
and their promoting potency [5, 28]. Howeve,r this correlation is incomplete and may reflect the existence of several mechanisms in tumour promotion by phenobarbitallike inducers [29]. Alternatively, a common pathway of
induction and tumour promotion may diverge at a certain
level, and both branches may be subject to strong modulating, e.g., by adaptation. An example is the enhanced
formation of peroxides after phenobarbital treatment
leading to an adaptive increase in catalase activity [18].

It was the major aim of the present study to investigate a possible relationship between induction of CYP1A
or 2B1/2B2 activities and the inhibition of apoptosis as a
possible in vitro-surrogate for the tumour-promoting
action of that class of compounds.
It was found that UV light-induced apoptosis in rat
hepatocytes was completely suppressed with phenobarbital and the three ,non-dioxinlike’ PCBs 28, 101, and 187.
A similar result was obtained in a previous study on rat
hepatocytes using the liver tumour promoter TCDD [17].
With TCDD and the PCBs used in that study,
,spontaneous’ apoptosis could not be inhibited, however,
arguing for two distinct types of apoptosis. One type is
elicited by UV-irradiation and probably initiated by DNA
damage or another type of UV-induced cellular stress.
Previous studies showed that irradiation of hepatocytes
resulted in induction of p53 as a characteristic response to
this type of damage [26]. Interestingly, both TCDD and
phenobarbital could almost completely suppress the UVinduced rise in p53. The other type of apoptosis, occurring ,spontaneously’ in culture is probably more abundant
in vitro than in the liver. This fact may be due to various
types of cellular stress during the procedures of isolation,
plating, and culturing of the cells.

In conclusion, our results show for the first time that
certain 'non-dioxinlike' PCBs suppress apoptosis in rat
hepatocytes. Furthermore, it is shown that UV-initiated
but not constitutive apoptosis is inhibited and that both
inhibition of apoptosis and 'phenobarbital-type' induction
of cytochrome P450 activity may exhibit distinct concentration-response relationships. Further experiments are
required to identify the mechanisms of action of 'nondioxinlike' PCBs critical for tumour promotion and their
links to the inhibition of apoptosis.

Analysis of PROD activity as a functional parameter
for CYP2B1/2B2 indicates that all PCBs tested are relatively potent inducers of this enzyme(s). In contrast, AhRregulated CYP1A activity (EROD) was almost unchanged
with the exception of phenobarbital.
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From in vivo experiments in rats [8] the following
rank order of potency for PROD induction in the liver,
probably modified by toxicokinetic influences, was reported: PCB 101>PCB187>PCB28, which is slightly
different from our in vitro findings where PCB 187 is
found to be about two-fold more potent than PCB 101.
Comparison of EC50-values of PROD induction with 90%
values of inhibition of apoptosis revealed no quantitative
relationship. This result is of interest in several respects.
Firstly, it suggests that measurement of CYP 2B1/2B2
induction as a parameter for an anti-apoptotic potency of
PCBs may be misleading for quantitative comparisons
and secondly, it can be speculated that the signaling
events leading to induction of CYP2B1/2B2 are not directly related to those operative in inhibition of apoptosis.
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NUTRITION AND PROINFLAMMATORY MECHANISMS
OF PCB TOXICITY IN THE VASCULAR ENDOTHELIUM
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SUMMARY

INTRODUCTION

Endothelial cell dysfunction is a critical event in the initiation and acceleration of atherosclerotic lesion formation.
There is evidence that exposure to certain aromatic hydrocarbons, such as polychlorinated biphenyls (PCBs), can be
implicated in the development of cardiovascular diseases,
such as atherosclerosis. Our data support the hypothesis
that the atherogenic potential of these aromatic hydrocarbons is at the level of the vascular endothelium. However,
little is known about the mechanisms underlying PCBmediated endothelial cell dysfunction. Our data suggest
that an increase in cellular oxidative stress and an imbalance in antioxidant status are critical events in PCBmediated endothelial cell dysfunction. Furthermore, PCBs,
which are ligands for the aryl hydrocarbon receptor (AhR),
i.e., the more coplanar PCBs, have proinflammatory
properties by inducing redox-sensitive genes critical in
the inflammatory process of atherosclerosis. We also have
demonstrated that specific dietary fats (unsaturated fatty
acids) can further increase endothelial dysfunction induced by selected PCBs, probably by contributing to
oxidative stress and the production of toxic lipid metabolites. A subsequent imbalance in cellular oxidative stress/
antioxidant status can activate oxidative stress- or redoxsensitive transcription factors, which in turn can promote
gene expression for inflammatory cytokines and adhesion
molecules, and thus intensify a PCB-mediated inflammatory response and endothelial cell dysfunction. Our data
also suggest that antioxidant nutrients (such as vitamin E)
can protect against PCB-induced cell damage by interfering with signaling pathways of necrotic and apoptotic
endothelial cell death. We propose that nutrition and, in
particular, dietary fat and antioxidant nutrients can modify
the atherogenic potential as well as cytotoxicity of PCBs.

Dysfunction of vascular endothelial cells is a critical
underlying cause of the initiation of cardiovascular diseases, such as atherosclerosis. In addition to endothelial
barrier dysfunction, another functional change in atherosclerosis is the activation of the endothelium that is manifested as an increase in inflammatory aspects, such as the
expression of specific cytokines and adhesion molecules.
Certain environmental chemicals, such as PCBs or TCDD
(2,3,7,8-tetrachlorodibenzo-p-dioxin), can cause vascular
endothelial cell dysfunction [1-3] by inducing oxidative
stress via interaction of these compounds with the AhR
and transcriptional activation of the cytochrome P450 1A
subfamily. Induction of CYP1A1 or 1A2 may lead to
oxidative stress as a result of excessive generation of
reactive oxygen species, which can result in an imbalance
in the cellular oxidative stress/antioxidant balance and
thus cause cell injury. Recently, Schlezinger et al. [4]
have demonstrated that PCB 77 can uncouple the catalytic
cycle of P4501A1, resulting in the formation of reactive
oxygen species within the active site. There is strong
evidence that the vascular endothelium may be one of the
major sites of PCB-mediated induction of CYP1A1 [1,2],
and that these enzymes play important roles in determining the metabolic fates of circulating toxic substances.
Transcriptional regulation of metabolic events leading to endothelial cell dysfunction and an inflammatory
response induced by AhR agonists, such as coplanar
PCBs, is not well understood. Our present data indicate
that coplanar PCBs that function as AhR agonists (such as
PCBs 77, 126 and 169), may be proinflammatory and
atherogenic by activating NF-kappaB in vascular endothelial cells. We also provide in vivo evidence using an AhRdeficient mouse model that a functional AhR is critical for
the proinflammatory events mediated by coplanar PCBs.
Most of all, our data demonstrate that the lipid milieu can
influence the cytotoxicity of coplanar PCBs.

KEYWORDS: Polychlorinated biphenyls, nutrition, atherosclerosis, endothelial cells, fatty acids, oxidative stress, antioxidants.
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PROINFLAMMATORY PROPERTIES
OF COPLANAR PCBs

PCB 77 in disrupting endothelial barrier function, in causing oxidative stress and activation of NF-kappaB, in production of IL-6 and expression of the VCAM-1 gene in
cultured cells [7].

There is evidence that exposure to PCBs can contribute to cardiovascular diseases such as atherosclerosis by
promoting vascular endothelial cell dysfunction which
predisposes the endothelium to inflammatory reactions
[reviewed in 5]. However, specific mechanisms by which
coplanar PCBs cause endothelial cell activation and dysfunction and thus contribute to atherosclerosis are still
unclear. We and others have demonstrated that certain
environmental chemicals, such as PCBs, can cause vascular endothelial cell dysfunction [1-3]. We also found that
oxidative stress was induced only by the coplanar PCB 77
and not by the diortho-substituted PCB 153 [2,3]. Presumably, this is due to the interaction of PCB 77 with the
AhR and transcriptional activation of the CYP1A subfamily. We now have evidence that, in addition to PCB 77,
other coplanar PCBs, i.e., PCB 126 and PCB 169, also
can induce oxidative stress in vascular endothelial cells.
Our data suggest that all three coplanar PCBs tested can
induce cellular oxidative stress in a concentrationdependent manner, but that the concentration(s) needed
for the apparent maximal induction of oxidative stress
differs among these coplanar PCBs tested. Interestingly,
PCB 126 exhibited maximal oxidative stress already at
0.5 µM, whereas the other two PCBs required 2.5 µM for
maximal induction of cellular oxidative stress. These results may be explained by the fact that PCB 126 has comparatively the highest binding affinity for the AhR [6,7].

Recent evidence suggests that the AhR agonist
TCDD can activate NF-kappaB and AP-1, and it was
proposed that CYP1A1-dependent and AhR complexdependent oxidative signals are in part responsible for the
observed activation of these transcription factors [9]. We
now also provide in vivo evidence using an AhR-deficient
mouse model that a functional AhR is critical for the
proinflammatory events mediated by coplanar PCBs and
possible other AhR agonists. After a single administration
of PCB 77, VCAM-1 expression was increased only in
wild-type mice, while mice lacking the AhR gene showed
no increased staining for VCAM-1 [7].

PCB TOXICITY, FATTY ACIDS AND
ENDOTHELIAL CELL DYSFUNCTION
Alterations in lipid profile and lipid metabolism as a
result of exposure to PCBs may be important components
of endothelial cell dysfunction. We have shown previously that a single injection of PCB 77 resulted in a marked
change in the fatty acid composition of rat hepatic microsomal fractions [10]. There was a significant increase in
oleic acid (18:1n-9) and a significant decrease in arachidonic acid (20:4n-6). Another specific effect of PCB 77
was an increase of the proportion of linoleic acid (18:2n6) in triglycerides of the liver. Linoleic acid is a precursor
for the synthesis of arachidonic acid, which in turn is an
important precursor for the synthesis of lipid metabolites
called eicosanoids. Matsusue et al. [11] have found that
coplanar PCBs have a significant effect on the reduced
synthesis of physiologically essential long-chain unsaturated fatty acids, such as arachidonic acid in rat liver, by
suppressing delta 5 and delta 6 desaturase activities and
thus allowing the n-6 parent fatty acid, linoleic acid, to
accumulate. Thus, if PCBs decrease arachidonic acid in
endothelial cells, like they do in liver cells, a critical imbalance in prostacyclin metabolism could occur. This
could have implications in understanding atherogenic
mechanisms of PCBs since prostacyclin is a major component of the anticoagulant mechanism within endothelial
cells as it is a potent vasodilator and inhibitor of platelet
adhesion and aggregation. Exposure of endothelial cells
to elevated levels of linoleic acid can result in a significant reduction of the arachidonic acid content of the cellular phospholipids [12, 13]. Interestingly, a reduced release
of prostacyclin from endothelial cells also has been reported when these cells were exposed to linoleic acid, a
fatty acid which is present in high amounts in dietary
unsaturated fats [14]. We have reported a significant disruption in endothelial barrier function when cells were
exposed to linoleic acid. Furthermore, when endothelial
cells were preenriched with linoleic acid (18:2n-6), PCB

Some aspects of mechanisms by which environmental
chemicals alter endothelial cell metabolism have been
investigated. We have previously shown that PCB 77, a
AhR ligand, but not PCB 153 (not a AhR ligand), significantly disrupted endothelial barrier function [2]. In addition, PCB 77, but not PCB 153, also contributed markedly
to cellular oxidative stress, which was accompanied by
increased activity and content of CYP1A and by a decrease in the vitamin E content in the culture medium.
We demonstrated that PCB 77 can induce a cellular stress
response, which is reflected by the activation of c-Jun Nterminal/stress-activated protein kinases (JNK/SAPK) [8].
In our earlier studies we employed PCB 77 as a model AhR agonist. However, PCB 77 is also known to be a
substrate for the induced CYP1A enzymes [2]. A lingering question was whether the metabolic activation of PCB
77 also played a role in the associated oxidative stress
events. Thus, we extended our study beyond one coplanar
PCB by including a series of coplanar PCBs, i.e., PCBs
77, 126, and 169. With increasing chlorination, the rate of
metabolism would be greatly diminished. Should metabolic activation of PCBs markedly contribute to their
biological effects, we could expect a marked decrease in
proinflammatory properties of these coplanar PCBs relative to an increase in chlorination. However, this was not
the case, and PCBs 126 and 169 were as efficacious as
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77-induced endothelial barrier dysfunction was markedly
enhanced [3]. Similar, but less dramatic, effects were
observed when endothelial cells were pretreated with
linolenic acid (18:3n-3), the parent omega-3 fatty acid. In
contrast, pretreatment with stearic acid (18:0) or oleic
acid (18:1n-9) did not influence subsequent PCB-induced
endothelial barrier dysfunction. These studies suggest that
environmental contaminants like PCBs are atherogenic in
part by their ability to interact with the endothelial cell
lipid profile, leading to cellular dysfunction. These studies
also demonstrate that cellular exposure to the parent omega-6 fatty acid (linoleic acid) can markedly enhance the
cytotoxicity of certain PCBs.

strated that leukotoxins, and especially their diols, can
cause endothelial barrier dysfunction and activation of
inflammatory mediators [22]. Furthermore, treatment of
endothelial cells with sulfaphenazole, a specific inhibitor of CYP 2C9, decreased the linoleic acid-mediated
activation of NF-kappaB, decreased oxidative stress and
protected against alterations in cellular glutathione
status [23]. This suggests that the formation of leukotoxins is a critical component of fatty acid-induced endothelial cell activation.
ANTIOXIDANT PROTECTION AGAINST PCBINDUCED CYTOTOXICITY

There is evidence that selected fatty acids, and especially omega-6 or n-6 unsaturated fatty acids, derived
from the hydrolysis of triglyceride-rich lipoproteins, may
be atherogenic by causing endothelial injury or dysfunction and subsequent endothelial barrier dysfunction [reviewed in 15]. In support of this hypothesis, we have
shown that saturated fatty acids in general had little effect
on endothelial barrier function. On the other hand, unsaturated fatty acids, and mostly linoleic acid, can markedly
disrupt endothelial barrier function, expressed as an increased transfer of both albumin and low density lipoprotein (LDL) across the endothelium [16-18]. Most interestingly, we found that when comparing fatty acid extracts
derived from different animal fats and plant oils, the fatinduced disruption of endothelial barrier function was
related to the amount of linoleic acid present in the fat
source [19]. Furthermore, our data strongly support the
fact that selected unsaturated fatty acids (e.g., linoleic
acid) and inflammatory cytokines may cross-amplify
vascular endothelial cell activation, an inflammatory
response and atherosclerosis [20].

Our data suggest that environmental contaminants
such as PCBs can potentiate inflammatory cytokinemediated dysfunction of vascular endothelial cells by
disrupting normal cellular oxidative stress/antioxidant
balance. However, little is known about how PCBmediated endothelial cell dysfunction can be prevented or
blocked. There is evidence that the cellular antioxidant
defense, and in particular the cellular level of vitamin E,
is depressed after exposure to PCBs [2, 3, 24]. Primary
functions of vitamin E are to terminate lipid peroxidation
chain reactions generated by free radicals, particularly in
membranes that are rich in polyunsaturated lipids, to
regulate cell proliferation and stabilize cell membranes.
These protective actions of vitamin E could have major
implications in preventing vessel wall injury and atherosclerotic lesion formation [25].
We also demonstrated that vitamin E and alphanaphthoflavone (an AhR antagonist and inhibitor of
CYP1A1) can markedly reduce PCB 77-mediated oxidative stress, activation of NF-kappaB and production of
inflammatory cytokines (e.g., IL-6), as well as PCBmediated endothelial barrier dysfunction [26]. Furthermore,
we studied the cellular glutathione redox status as a modulator of the endothelial defense against PCB toxicity [8].
Recently, resveratrol, a phenolic compound with antioxidant properties that is found in grapes and wine, has been
shown in a human breast cancer cell line to inhibit the
transactivation of several dioxin-inducible genes including cytochrome P450 1A1 [27]. Thus, such protective
compounds, which apparently share partial similarity in
chemical structure to Ah receptor antagonist ligands such
as alpha-naphthoflavone, are able to compete with TCDD
for AhR binding and can effectively block induction of
cytochrome P450 1A1. All these studies suggest that
antioxidant-like nutrients/chemicals can downregulate
disease-promoting and cytotoxic mechanisms of specific
environmental contaminants.

Little is known about the interaction of dietary fats
and PCBs in the pathology of atherosclerosis. We hypothesized that selected dietary lipids may increase the atherogenicity of environmental chemicals, such as PCBs, by
cross-amplifying mechanisms leading to dysfunction of
the vascular endothelium. To investigate this hypothesis,
we treated cultured endothelial cells with linoleic acid,
followed by either one of two PCBs, PCB 77 or PCB 153
[3]. Our results suggest that certain unsaturated fatty acids
can potentiate endothelial cell dysfunction caused by
coplanar PCBs and that oxidative stress and the cytochrome P450 1A subfamily may be, in part, responsible
for these metabolic events.
The synergistic toxicity of linoleic acid and PCBs to
endothelial cells could also be mediated by cytotoxic
epoxide metabolites of linoleic acid called leukotoxins. It
is also possible that other fatty acid oxidation products in
the arachidonate or other series are involved. Moreover,
there is evidence that the critical toxic lipid species are the
result of the bioactivaton of leukotoxins to their diol metabolites by epoxide hydrolases [21]. We have demon-

99

© by PSP Volume 12 – No 2. 2003

Fresenius Environmental Bulletin

CONCLUSIONS
In summary, our data suggest that coplanar PCBs can
be atherogenic by producing an endothelial cell inflammatory response. We provide evidence that this inflammatory response is dependent on a functional AhR and
that induction of CYP1A1 and activation of NF-kappaB
are critical mechanistic mediators. Thus, our findings
suggest that activation of the AhR is an underlying mechanism of endothelial cell stimulation mediated by certain
environmental contaminants and that exposure to coplanar
PCBs, and possibly other AhR agonists, may potentiate
the pathology of cardiovascular diseases. We also have
demonstrated that specific dietary fats (unsaturated n-6
fatty acids) can further increase endothelial cell dysfunction by selected PCBs, probably by contributing to oxidative stress and the production of toxic lipid metabolites.
The fact that vitamin E can block PCB-mediated endothelial cell activation suggests that PCB-mediated cellular
perturbations are linked closely to the overall oxidative/antioxidant status of the vascular endothelium. These
findings suggest that nutrition can modify PCB-mediated
cytotoxicity and that diets high in antioxidant nutrients
may protect against diseases of the vasculature, e.g., cardiovascular disease, which can be triggered by exposure
to specific environmental contaminants.
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EFFECTS OF POLYCHLORINATED BIPHENYL CONTAINING AND - FREE TRANSFORMER FLUIDS
ON TESTICULAR ENZYME ACTIVITIES
Silvana A. Andric, Nebojsa L. Andric, Sonja N. Zoric, Tatjana S. Kostic and Radmila Z. Kovacevic
Department of Biology and Ecology, Faculty of Sciences, University of Novi Sad, Novi Sad, Serbia and Montenegro

SUMMARY
The frequently used polychlorinated biphenyl-based
dielectric fluids have been gradually substituted with
mineral fluids because of their toxic activities observed in
many vertebrate tissues. Here we compared the acute in
vivo effects of Pyralene, an Aroclor 1260-based transformer fluid, with a sample of mineral oil called ENOL C
on the activities of the four rat testicular antioxidant enzymes, superoxide dismutase, glutathione transferase, catalase and glutathione peroxidase, and three steroidogenic
enzymes, 3β-hydroxysteroid dehydrogenase, 17α-hydroxylase/lyase, and 17β-hydroxysteroid dehydrogenase. The
activities of these enzymes were estimated 2 h and 24 h
after bilateral intratesticular (25 µg/testis) injection of
Pyralene and ENOL C. Short-term treatment with these
compounds did not affect any of the enzymes studied.
ENOL C was also ineffective during 24 h exposure,
whereas Pyralene inhibited glutathione transferase and
stimulated catalase and glutathione peroxidase in testicular interstitial cells. This was accompanied with the inhibition of 3β-hydroxysteroid dehydrogenase activity and a
small increase in 17α-hydroxylase/lyase activity. These
results indicate that the 24-h of intratesticular exposure to
Pyralene was sufficient to detect its toxic effects on testicular enzymes, whereas ENOL C was ineffective.

KEYWORDS: PCBs, Pyralene, Aroclor, testicular steroidogenesis,
antioxidant enzymes.

reviewed the data on PCB effects in large number of
steroid hormone systems. These compounds affect gonadal functions by altering steroid hormone production
and metabolism, changing the level of receptor expression, and acting as agonists for specific steroid receptors. Our previous results also demonstrated a strong
inhibition of testicular steroidogenesis 24 h after in vivo
and 10-15 minutes after in vitro exposure to Aroclor
1248 and Aroclor 1260-based transformer fluid (commercial name Pyralene) [2-4].
During altered steroidogenesis, the reactive oxygen
species could be produced through the cytochrome P450
enzymes’ pathway [5]. In other tissue, it is also well documented that PCBs induce oxidative stress, leading to the
accumulation of reactive oxygen species [6]. The aim of
the present study was to investigate local effects of PCBs
on testicular steroidogenesis and therefore the model of
intratesticular injection was chosen to investigate the
mechanism of PCB actions and to avoid the effects of
PCBs on gonadotropin releasing hormone and gonadotropin secretion. We compared the short-term in vivo effects
of Pyralene and ENOL C (a mineral oil-based transformer
fluid) on several steroidogenic and antioxidant enzymes
in testicular tissue. The effects of these two compounds
were analysed at two time points, 2 h and 24 h after
bilateral intra-testicular injection of corresponding substance.

MATERIALS AND METHODS
Chemicals

INTRODUCTION
Polychlorinated biphenyls (PCBs) and hydroxylPCBs belong to the class of environmental endocrine
disrupters, compounds that in humans and mammals
induce alteration of normal endocrine functions, including
gonadal functions. In their recent paper, Cooke et al. [1]

The sample of A1260-based transformer fluid was
obtained from Dr Mirjana Vojinovic-Miloradov (Institute
of Chemistry, Novi Sad, Serbia and Montenegro) under
the commercial name Pyralene. Initial chemical characterization of a sample of Pyralene was done in: Hazardous
Materials Laboratory, Champaign, USA (Dr. J. Cochran),
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Laboratory for Biophysics and Analytical Chemistry,
Zemun, Serbia and Montenegro (Dr. Slobodan Kapor)
and Institute for Health Protection, Novi Sad, Serbia and
Montenegro (Ms. V. Djordjevic-Milic). In all the laboratories sample of Pyralene was identified as an Aroclor
1260-based transformer fluid, technically also known as
askarel. Antitestosterone-11-BSA serum no. 250 and
antiprogesterone-11-BSA serum no. 337 were supplied by
G. D. Niswender (Colorado State University, Fort Collins,
CO). ENOL C was manufactured by the oil rafinery Novi
Sad, Serbia and Montenegro; medium 199 (M199) from
GIBCO Laboratories (Gaithersburg, MD); human chorine
gonadotropin (hCG; Pregnyl, 3000 IU/mg) from Organon
Inc. (West Orange, NJ); [1,2,6,73H(N)]-testosterone and
[1,2,6,73H(N)]-progesterone from New England Nuclear
(Du Pont NEN, Belgium). All other reagents were obtained from Sigma (St Louis, MO).
Animals, treatments, and assays

and glutathione peroxidase (GSH-Px), and a fall in the
activity of glutathione transferase (GST), whereas no
significant differences were observed in testicular activity
of superoxide dismutase, comparing to respective controls
(Fig. 1). On the contrary, ENOL C did not significantly
change the antioxidant enzyme activities, although catalase and GST activities were slightly elevated (Fig. 1).
In parallel to the status of antioxidant enzymes, Pyralene induced a significant fall in serum T+DHT levels and
a strong inhibition of hCG-stimulated androgen production 24 h after application (Fig. 2). This was accompanied
with decreased activity of 3βHSD, a small but significant
increase in P450c17 activity (Fig. 2), and no changes in
17βHSD activity (data not shown). Furthermore, ENOL C
had no effects on testicular steroidogenesis at both time
points (Fig. 3, Tab. 1) and Pyralene was without effect 2 h
after application (Tab. 1).

Male Wistar rats, 90-120 days old, bred in our laboratory and raised under controlled environmental conditions
(temperature 22 ± 2 oC and 14 h light/10 h dark) with food
and water ad libitum were used for experiments. Evaporating the required amount of stock solution and dissolving it
in saline, the desired concentrations of PCB and ENOL C
samples were prepared. Rats were handled daily during a 1week acclimation period prior to experiments. Then they
were treated with bilateral intra-testicular injections of
vehicle (saline), Pyralene (25.5 µg/testis), or ENOL C
(25.5 µg/testis), between 8:00 and 8:30 AM. Experiments
were conducted in accordance with the principles and procedures of the NIH Guide for care and use of laboratory
animals, and the Local Ethical Committee of the Department of Biology and Ecology. Animals were sacrificed by
decapitation 2 h or 24 h after injections, trunk blood was
collected, and serum samples were stored at -20 oC until
analyzed for testosterone + dihydrotestosterone (T+DHT)
content by radioimmunoassay. The procedures for in vitro
hCG-stimulated production of androgens by decapsulated
testes or hemitestis preparation were as previously described [7, 8], as well as characteristic of radioimmunoassay for progesterone and androgens and preparations of
post-mitochondrial testicular fractions [9]. The 3βhydroxy-steroid
dehydrogenase
(3βHSD),
17αhydroxylase/lyase (P450c17), 17β-hydroxysteroid dehydrogenase (17βHSD) activities were estimated as described in Ref. [7, 9]. Characterization of antioxidant
enzyme activities in denucleated fraction of interstitial
cells was done as previously described [10].
RESULTS
Two hours after intra-testicular injection of Pyralene
or ENOL C, no changes in the activity of antioxidant
enzymes in isolated interstitial cells of testes were observed (Table 1). However, 24 h after injections, Pyralene
induced a significant increase in the activities of catalase

FIGURE 1 - Effects of intra-testicular injection of transformer
fluids on antioxidant enzyme activities in isolated interstitial testicular cells. In this and following figures, groups of rats were treated by
bilateral intra-testicular injections (25 µg/testis) of Pyralene or
ENOL C and animals were sacrificed 24 h after injections. The
enzyme activities were measured in denucleated fractions of interstitial cells obtained from individual animals. Columns represent
means ± SEM and the numbers in parenthesis represent number of
replicates. Significance: *p<0.05 vs. corresponding controls.
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FIGURE 2 - Effects of intra-testicular injection of Pyralene on
serum androgen (T+DHT) levels (left upper panel), in vitro hCG
(20 ng/ml)-stimulated androgen production (right upper panel),
the conversion of progesterone to androgens (left bottom panel)
and the conversion of pregnenolone to progesterone (right bottom
panel) in post-mitochondrial testicular fractions. The numbers in
parentheses in left upper panel represent the number of animals
and in other panels the number of testes or testicular postmitochondrial fractions from control and treated rats in one of
two similar experiments.

FIGURE 3 - The lack of effects of intra-testicular injection of ENOL
C on serum androgen (T+DHT) levels (left upper panel), in vitro hCGstimulated androgen production (right upper panel), the conversion of
progesterone to androgens (left bottom panel) and the conversion of
pregnenolone to progesterone (right bottom panel) in postmitochondrial testicular fractions.

TABLE 1 - Absence of the effect of Pyralene and ENOL C on
steroidogenesis and antioxidant enzymes 2 h after intra-testicular application.

Output parameters
Serum T+DHT
(ng/ml)
hCG-stimulated androgen production
(µg/g testis)
Superoxid Dismutase
(U/mg protein)
Catalase
(U/mg protein)
GSH-Px
(nM NADPH/min/mg protein)
GST
(U/mg protein)

Control
4.098±1.11

Pyralene
2.193±0.39

ENOL C
3.816±0.67

2.694±0.29

2.214±0.13

3.151±0.38

17.939±0.63

19.070±0.42

19.468±0.82

3.226±0.32

3.822±0.42

3.986±0.31

9.074±0.79

7.722±0.79

9.953±1.19

552.2±44.50

516.8±20.90

549.9±16.40

Numbers represent means ± SEM of 6 animals for serum testosterone level, 12 hemitestis preparation for
hCG stimulated androgen production, and 6 individual denucleated fractions of testicular interstitial cells
for antioxidant enzymes.
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DISCUSSION
Exposure to the external pro-oxidative attacks, for
example to the environmental pollutants, may alter the
balance between activities of different antioxidant enzymes, and consequently, impair the antioxidant defence
system [11]. In testicular tissue, the protection against
peroxidative injury is achieved by elevated levels of antioxidant vitamins [5]. Furthermore, the synergistic action
of several testicular antioxidant enzymes is essential for
controlling the balance of the prooxidant versus antioxidant status [11]. Several lines of evidence also indicate
that the interactions between the testicular antioxidant and
steroidogenic enzyme systems are complex and physiologically relevant. For example, it was suggested that the
free radicals are involved in the control of steroidogenesis
in Leydig cells, corpus luteum, and adrenal cortex [for
references see 10]. Finally, lipid peroxides are capable of
inactivating P450 enzymes [12]. Therefore, the proper
activity of the antioxidant enzyme system in a steroidogenic tissue is critical for the maintenance of normal steroid hormone production.
In the present study, we show that exposure of testes
to Pyralene was accompanied by modulation of catalase,
GST, and GSH-Px activities 24 h after application. The
concomitant increase in catalase and GSH-Px activities
might suggest that Pyralene increases the level of possible
substrates for these enzymes, namely H2O2 and organic
hydroperoxides. Inhibition of GST activity by Pyralene was
accompanied by decreased activity of 3βHSD, a steroidogenic enzyme that catalyses the conversion of pregnenolone to progesterone in rat Leydig cells. It is interesting
to mention that some isoforms of GST can also catalyse
isomerization of Δ5-androstenedione-3,17-dione as well as
that both GST and 3βHSD have at least one tyrosine
residue in the active centre [12].

in vivo intra-testicular application. For example, immobilization stress [7, 8] and application of nitric oxide (NO)
donor [10] or substrate for NO synthase [13] inhibit
3βHSD and P450c17, as well as certain antioxidant enzymes. However, all these substances are hydrophilic and
probably could easily reach the Leydig cells after intratesticular application. On the contrary, PCBs are hydrophobic and, therefore, poor availability for 2 h could be
expected.
In summary, this study indicates that the Aroclor 1260
based-transformer fluid Pyralene disturbs not only
steroidogenesis but also antioxidant enzyme activity in rat
testicular tissue. On the other hand, ENOL C had no effect
on rat steroidogenesis 24 h after application. The antioxidant enzyme battery was also not statistically disturbed.
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In accordance with the previously published data from
our laboratory [3], 24 h after injection Pyralene inhibited
serum T+DHT levels and hCG-stimulated androgenesis
and ENOL C was ineffective. Furthermore, Pyralene but
not ENOL C inhibited 3βHSD activity and facilitated
P450c17 activity in the testicular post-mitochondrial fractions. Finally, 17βHSD, an enzyme that converts Δ4 androstenedione to testosterone was not affected. In contrast, 2 h
after application Pyralene was without effect. This could be
explained by the inability of PCB congener to reach in
significant amount the Leydig cells in the interstitial cell
compartment of the testis. When added in vitro to suspension of interstitial cells or to post-mitochondrial fraction of
the rat testis, effects were observed within 10-15 minutes
[3, 4], which could be explained as a direct action of parent
compounds in the PCB samples.
It is interesting to mention here that testicular
steroidogenic and antioxidant enzymes respond very
promptly to certain stimuli 2 h after exposure, or to local
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