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Abstract—Atropisomers of the polychlorinated biphenyls 2,2’,3,4,4' ,6-hexachlorobiphenyl (II) and
2,2',3,3',4,4' 6,6'-octachlorobiphenyl (III), stable to racemization under physiological conditions, were
administered to immature male Sprague-Dawley rats. The racemic hexachlorobiphenyl (II) was found
to be a potent (phenobarbital-type) inducer, whereas (+)-II and (-)-II, administered at 100 umol/kg,
showed clearly differing potencies as inducers with (+)-II enhancing aminopyrine N-demethylase,
aldrin epoxidase and cytochrome P-450 content more potently than (—)-II. In contrast, the racemic
octachlorobiphenyl (III) and its individual enantiomers were only weak phenobarbital-type inducers of
cytochrome P-450, and the enantiomers of III were equally (weakly) potent. Separate studies conducted
to investigate pharmacokinetic influences on the differential potency of the enantiomers of II showed
that after 5 days the concentration of (+)-II in the liver was twice as high as that of its antipode.
Therefore, enantioselectivity in disposition as well as in recognition may be responsible for the differential
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potency seen.

PCBsY are ubiquitous environmental contaminants
which, in addition to their carcinogenic potential,
elicit numerous toxic effects, including immuno-
suppression with thymic atrophy, edema, hyper-
keratosis, hepatotoxicity and lethality. PCBs are also
particularly potent as inducers of drug-metabolizing
enzymes [1, 2]. Many of the above effects have been
observed after exposure to commercial preparations
of PCBs (e.g. Aroclor, Kanechlor) which are them-
selves complex mixtures of many individual isomers
and congeners (209 are theoretically possible [3]). It
was through studies with single components that
characterization of the differential activities of PCBs
and the definition of structure—activity relationships
were possible.

Accordingly, PCBs with chloro substitution in two
para and in two meta positions (and without ortho
substitution), e.g. 3,3',4,4’-tetrachlorobiphenyl, will
induce a pattern of drug-metabolizing enzymes
resembling that seen after treatment with MC. This
pattern is characterized by increases in cytochromes
P-450c and P-450d [4], by greatly enhanced
benzo[a]pyrene hydroxylase activity, and by a shift
in the absorption maximum of the CO-binding dif-
ference spectrum to 448 nm [5]. If one or more ortho
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chlorines are introduced into the MC-type PCB,
these characteristics are reduced or lost completely
[5]. The probable explanation for this observation is
that the assumption of a coplanar conformation by
the biphenyl molecule is made more difficult by
increasing ortho chlorine substitution. Only in a
coplanar conformation can a molecular geometry
similar to that of TCDD be attained, with the result-
ing binding avidity to the TCDD (Ah) receptor. This
in turn controls the induction of the cytochromes P-
450c and P-450d [6].

Those PCBs which induce a pattern of drug-metab-
olizing enzymes like PB are less well defined. PB-
type induction is characterized by an increase in
cytochromes P-450b and P-450e [4], a proliferation
of the liver endoplasmic reticulum (increase in micro-
somal protein per gram liver), and an increase in
aminopyrine N-demethylase and aldrin epoxidase
activities. The absorption maximum of the CO-bind-
ing difference spectrum remains at 450 nm [5]. Potent
PB-type inducers are typically those PCBs which
possess two ortho and two para chlorine substituents,
e.g. 2,2',4,4'-tetrachlorobiphenyl or 2,2’ 4,4’ 5,5~
hexachlorobiphenyl. However, other structures may
also elicit this type of response, e.g. 4,4'-
dichlorobiphenyl [2]. Recently, several PB-type
inducers have also been shown to induce cytochrome
P-450p [7]. A receptor for PB-type inducers, anal-
ogous to the TCDD receptor, has not been found,
although several positive indications for such a recep-
tor exist. These include dose dependency and tissue
specificity of induction as well as the existence of an
extremely potent PB-type inducer [8]. However, it
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Fig. 1. Racemization of PCB derivatives with two ortho
chlorine atoms by rotation around the central C—C bond.

is not clear how such structurally diverse molecules
as the water-soluble PB and lipophilic PCBs and
organochlorine pesticides (dieldrin, p,p’-DDT,
chlorinated benzenes) bind to a single receptor
[9, 10].

Previous studies on the structure—activity relation-
ships of PCBs have not considered that at least 78
out of the possible 209 PCB isomers and congeners
can exist as rotational isomers which are enantio-
meric to each other. The requirement for chirality is
that neither phenyl ring possesses a plane of sym-
metry which passes through the central C—C bond
perpendicular to the plane of the ring. Rotation
around the central C—C bond takes place via
coplanar transition states, where the number of ortho
substituents and their size (e.g. Br > Cl) increase the
steric hindrance and consequently the energy barrier
to racemization. PCB derivatives with only two ortho
chlorine atoms racemize quickly at room tem-
perature because of an energetically favorable tran-
soid transition state, as outlined in Fig. 1. However,
only cisoid transition states are possible for PCBs
with three or four ortho chlorines, greatly increasing
the energy barrier to racemization. Kaiser [11] pre-
dicted, therefore, that 19 PCBs, at least 9 of which
are components of commercial PCB formulations
(Table 1), will exist as stable atropisomers at room
temperature [13]. Atropisomers are separable, single
bond torsion isomers of which a more general discus-
sion and examples are presented in Ref. 14.

We have recently confirmed this prediction and
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Fig. 2. Structures of the investigated PCB atropisomers.

have reported the chromatographic enrichment [15]
(I and II on TAC) and the separation [13] (III via
synthetic diastereomers) of PCB atropisomers for
the first time (see Fig. 2). These compounds possess
sufficient thermal stability such that they are well-
suited for biologic studies, i.e. no racemization will
take place at body temperature. Previous studies
with the racemates of I and II showed that I, admin-
istered at a dose of 100 umol/kg, was inactive as an
inducer of drug-metabolizing enzymes whereas II, at
100 umol/kg, was a PB-type inducer [2]. The effects
of III as an inducer have not been investigated pre-
viously.

Those PCBs which form stable atropisomers can-
not be MC-type inducers because the transition to
the necessary coplanar conformation would require
more than 120kJ/mol [15]. Even PCBs with four
ortho H atoms possess an energy barrier to rotation
of about 12kJ/mol and more than 99% of these
molecules reside in a non-planar conformation [6].

The present study demonstrates the different
activities of the PCB enantiomers II and III as indu-
cers of drug-metabolizing enzymes. In addition, liver
PCB concentrations were measured in order to look
at the influence of pharmacokinetic parameters on
the induction potency.

Table 1. PCBs that will form enantiomers stable to racemization at room temperature

Ring Ring substitution
substitution -2,3,6 -2,3,4,6
-2 2,2',3,6 (45) 2,2',3,4,6 (88) [1]
-2,3 2,2',3,3',6 (84) 2,2',3,3',4,6 (131)*
-2,4 2,2'.3,4.6 (91) 2,2',3,4,4',6 (139) [I1}
-2,5 2,2',3,5',6 (95)* 2,2',3,4,5',6 (144)*
2,34 2,2',3,3',4,6' (132)* 2,2',3,3' ,4,4' 6 (171)
-2,3,5 2,2',3,3',5,6’ (135)* 2,2',3,3',4,5'6 (175)
-2,3,6 2,2',3,3,6,6’ (136)* 2,2',3,3',4,6,6' (176)
-2,4,5 2,2'.3,4',5',6 (149)* 2,2',3,4,4'5' 6 (183)
-2,3,4,5 2,2'3,3,4,5,6' (174)* 2,2',3,3,4,4' 5,6" (196)*
-2,3,4,6 2,2'.3,3',4,6,6’ (176) 2,2',3,3',4,4',6,6' (197) [111]

The numbers in parentheses are taken from Ballschmiter and Zell [3]. Note that PCB

No. 176 appears twice.

* The indicated compounds comprise nearly 25% of Clophen A 60 and are present in

human milk and butter [12].



Induction of drug-metabolizing enzymes by PCB atropisomers

MATERIALS AND METHODS

Synthesis of the racemates and enantiomers of 11
and III. The racemic 2,2',3,4,4'6-hexa-
chlorobiphenyl ((+)-II) and 2,2,3,3',4,4',6,6"-octa-
chlorobiphenyl ((%)-III) were synthesized by the
Cadogan modification of the Gomberg-Bachmann
reaction [16]. The coupling of 2,4-dichloro-
aniline or 2,3,4,6-tetrachloroaniline with 1,2,3,5-
tetra-chlorobenzene (in 10-fold molar excess) was
carried out as described [15]. The structures were
confirmed by 'H-NMR (200 MHz) and mass spectro-
metry. The purity as determined by gas chroma-
tography was in all cases greater than 98%. The
enantiomers of II were resolved by microcrystalline
TAC chromatography: P,y > 0.8; P(_y > 0.95 [13].
(+)- and (—)-III were prepared via the nitration
of 2,2’,4,4’,6,6’-hexachlorobiphenyl and subsequent
reduction of the nitro function which produced the
racemic 3,3’-diamino-2,2’,4,4’,6,6’-hexachloro-
biphenyl. The latter was converted to a 1:1 mixture
of diastereomers by (—)-a-methoxy-a-(trifluoro-
methyl)phenylacetyl chloride (MTPA-Cl). HPLC
separation of the diastereomers, cleavage of the
MTPA groups, and Sandmeyer replacement of the
amino groups with chlorines yielded the (+)- and
(—)-III in practically 100% enantiomeric purity {13].

Biochemicals. PB, MC, 4-dimethyl-
aminoantipyrine (aminopyrine), CO and aldrin
were obtained as previously described [5]. EIC was
synthesized by Dr. Karl Platt, Mainz, FRG.

Animal treatment and isolation of microsomes.
Immature male Sprague-Dawley rats (average
weight 80g), purchased from Siddeutsche Ver-
suchstierfarm (Tuttlingen, FRG), were placed in
plastic cages and allowed free access to food and
water. PCBs were dissolved in corn oil and were
injected i.p. on days 1 and 3 (total dose is presented
in Tables 2 and 3). MC (100 umol/kg single dose,
dissolved in corn oil) and PB (400 umol/kg single
dose, in isotonic saline) were administered on days
3, 4 and 5. The volume of each injection was 0.5 m}/
100 g body weight. Rats were killed on day 6 by
cervical dislocation after having been fasted for 24 hr.
Each liver was perfused in situ with ice-cold 0.25 M
sucrose containing 0.1 mM EDTA (pH 7.4), excised,
weighed and homogenized as described [17]. Micro-
somes were prepared by differential centrifugation,
adjusted to a protein concentration of 6 mg protein/
ml, frozen in liquid nitrogen, and stored at —80°
until needed.

Assays of drug-metabolizing enzymes activities.
The quantity of protein in the liver microsomal sus-
pensions was measured by the method of Lowry et
al. [18], while total cytochrome P-450 content was
determined spectrophotometrically [19] from the
CO-binding difference spectra of dithionite-reduced
microsomes with the molar absorption coefficient
e=91cm™'mM™" and A = Apyuso) — Asw. EIC,
also used as ligand (cuvette concentration 4.5 mM),
produced two absorption maxima in the difference
spectrum, around 455 and 428 nm. Aminopyrine N-
demethylase [20] and aldrin epoxidase [21] were
measured essentially as reported.

Statistics. Differences between treated and control
groups or between groups treated with antipodes
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were tested for statistical significance by the method
of Dunnett [22].

Extraction of PCB from rat liver. Two rats were
treated as described above with 200 umol/kg of (+)-
II. The excised livers were mashed with a 5-fold
excess (by weight) of anhydrous sodium sulfate. The
resulting mass was extracted three times with 50 ml
of boiling n-hexane. Each extraction was carried
out for 1hr; after the third hexane extraction, no
additional PCB could be extracted with boiling
chloroform. The combined hexane extracts were
cleaned up by chromatography on Florisil and silica
gel {23]. Yield =0.5mg. The enantiomeric com-
position of the extracted PCB was estimated by
HPLC on TAC [24] by comparison to a standard of
known enantiomeric purity (see Fig. 3). An impurity
which was clearly separable by gas and TAC chroma-
tography did not interfere with the estimation of
enantiomeric purity in the extract.

Analysis of PCB concentrations in rat liver micro-
somes. Analysis of PCB concentrations was done by
Dr. Brunn, Giessen, FRG, according to the method
of Beck and Mathar [25]. The microsomal prep-
arations were mashed with 10 g sea sand and 10 g
anhydrous sodium sulfate and treated with boiling
n-hexane in a Soxhlet-extractor for 6 hr. Cleanup of
the hexane extracts was performed by chroma-
tography on basic alumina. The concentration of
the purified hexachlorobiphenyl was determined by
capillary gas chromatography on two columns of
different polarity (30 m DB-1 and DB-5 obtained
from ICT, Frankfurt/M., FRG). Peaks were con-
firmed by capillary gas chromatography/mass
spectrometry in the EI-mode. A recovery of93 + 3%
was found for this method.

RESULTS

Because of the difficulty of synthesis of separation
of PCB atropisomers, the dose-response curves for
the PCBs were first carried out with the racemates.
This was done so that a dose could be picked at
which the PCB atropisomers would be effective indu-
cers, but not in the saturation area of the curve,
in order to maximize differences in their induction
potencies.

2,2',3,4,4' ,6-Hexachlorobiphenyl (II). The effects
of the treatment with (£)-II, (+)-II or (=)-II on
microsomal drug-metabolizing enzymes are pre-
sented in Table 2. Rats treated with PB or MC were
included in each experiment, and their effects are
presented in Tables 2 and 3 for comparison.

Increasing the dose of the racemate of II resulted
in increases in the monooxygenase activities as well
as in cytochrome P-450 content, although these
effects were only statistically significant after doses
of 100-200 umol/kg. The data in Table 2 indicate
clearly that II is a PB-type inducer of cytochrome P-
450 with intermediate potency. Because of the small
quantities of enantiomers of II that were available,
we chose a dose of 100 umol/kg (and a larger animal
number, N = 8) in order to test these enantiomers
as inducers.

Like the racemic mixture, the enantiomers of II
(at a total dose of 100 umol/kg) were both PB-type
inducers of cytochrome P-450 although they were not
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equipotent. In fact, the (+)-II significantly increased
the activities of aminopyrine N-demethylase (1.7X),
aldrin epoxidase (3.5x) and cytochrome P-450 con-
tent (1.7x) over control. The (—)-II was less potent,
and the differences between these parameters for
the (+)-II and (—)-II were statistically significant
(a=0.01). The (+)-1I also increased the yield of
microsomal protein more potently than did (—)-II,
and this difference was also statistically significant
(a=0.05, data not shown). The racemate, also
applied at the dose of 100 umol/kg, led to mono-
oxygenase activities and cytochrome P-450 content
that were intermediate between those of the enanti-
omers.

2,2',3,3',4,4',6,6'-Octachlorobiphenyl (III). In
Table 3 the effects of (+)-III, (+)-1II and (—)-III on
microsomal monooxygenases are presented. Dose—
response effects of racemic ITI demonstrated that 111
(in the dose range tested) is also a PB-type inducer
of cytochrome P-450 although less potent than (*)-
II. Both compounds, however, elicited statistically
significant increases in aminopyrine N-demethylase
and cytochrome P-450 at all doses higher than
100 pymol/kg.

The application of (*)-, (+)- and (—)-III
(100 umol/kg) resulted in biological responses which
were not as clearcut as was the case with II. Enzyme
activities and cytochrome levels were not generally
significantly increased over control values; only with
the (—)-enantiomer was the increase of aminopyrine
N-demethylase statistically significant. (+)- and (—)-
ITI did not show clearly differing potencies as indu-
cers.

Estimation of the enantiomeric purity of 11 after
extraction from rat liver. The differing potencies of
the enantiomers of II as inducers may have resulted
from the individual pharmacokinetic characteristics
of the compounds. To check this possibility, racemic
II was injected into rats and, after a particular time
period, the PCB was recovered from the whole liver,
as described in Materials and Methods. Because
relatively little material could be obtained
(=0.5 mg), a polarimetric analysis [15] of the extract
was not possible but rather an estimation of the
relative content of each enantiomer was made by
HPLC on TAC [24] chromatography (with UV
detection). The results of this analysis are presented
in Fig. 3. The upper chromatogram was obtained
from 0.5 mg of racemic II. The (—)-antipode eluted
first and its peak was therefore sharper than the
peak of the (+)-antipode. The middle chromatogram
depicts II from the liver extract. It should be noted
that the extracted PCB contained much less of the
(—)-antipode. The bottom chromatogram is that of
a known mixture of the two enantiomers (P, =
0.32), in which the relationship (+):(—) is about
2:1. By comparing the lower two chromatograms,
one can estimate that in the liver the PCB antipodes
were present approximately in this ratio of 2:1.

The observation that the whole liver concentration
of the (—)-antipode was reduced greatly was con-
firmed by measurements of the concentrations of II
in the liver microsomes purified from rats treated
with (£)-, (+)- and (—)-II. The relative microsomal
PCB content was calculated from the microsomal

M. PUTTMANN et al.

<0.5mg
from rat liver

(+),

Fig. 3. HPLC of II in ethanol/H,0, 96:4, on TAC [24]
(particle size 10 um; presssure = 80 bar) with UV detection
at 278 nm. The signs of rotation stem from polarimetric
detection of the (£)-II sample at 365 nm. k: capacity factor.
Top: (*)-II. Middle: II extracted from rat liver; the ampli-
tude was increased in order to facilitate comparisons.
Bottom: (+)-II with known enantiomeric purity of P =
0.32.

Table 4. Calculated whole liver PCB concentration

PCB concentration
(ug PCB/g liver)

)-II 97 + 26
) 114 + 48
) 68.5+7

Values are means = SD, N = 3.

concentrations according to the following relation-
ship:

Relative microsomal PCB content {ug PCB/g liver]
=C,XV,

where V,, = total volume of the microsomal prep-
aration of each rat liver in [ml]/liver weight [g] and
C,, = PCB concentration in the microsomal prep-
aration of each rat liver in [ug/ml].

Table 4 shows that the relative microsomal PCB
content for rats treated with the (+)-II was almost
twice as high as that for rats treated with (—)-II. The
PCB content of (+)-II-treated rats lay in between.

DISCUSSION

From the data presented in this paper the following
trends are evident. Racemic II is a more potent PB-
type inducer of cytochrome P-450 than is ITI. This is
consistent with other animal studies which show that
increasing the number of ortho substituents above 2
lowers the induction potency of the 2,2',4,4'-skele-
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ton (present in both II and III) [2]. Furthermore,
PCBs with four ortho chlorines are generally weak
or inactive as inducers [26]. In contrast to animal
studies, recent results with hepatocytes in culture
demonstrate that 3- and 4-fold ortho-substituted
PCBs may be potent inducers of cytochrome P-450p.
The basis for this discrepancy is unclear, but may
involve pharmacokinetic influences [7]. Indeed it
has been postulated that PCBs with multiple ortho
chlorines, by virtue of the resulting steric effects, are
less able to penetrate certain membrane barriers
[27-29]. A more recent model, however, favors dif-
ferences in metabolism or hydrophobicity over steric
hindrance as the explanation for differential accumu-
lation of PCBs [30].

Knowledge of the stability of the enantiomers of
I1 and III under physiologic conditions (37° over
several days) was a prerequisite to the testing of their
biologic potency. Now we can predict on the basis
of the energy barrier to racemization, which for
both II and III lies well above 120kJ/mol, that
a measurable, non-enzymatic racemization at body
temperature is not possible [13,15]. The energy
which leads to thermal racemization via coplanar
transition states is determined principally by intra-
molecular parameters (steric hindrance of the ortho
substituents) and only to a very small extent by
intermolecular interactions (e.g. with solvents, mem-
branes, and proteins). A reduction of the energy
barrier to racemization by an enzyme would be theor-
etically possible if the central C—C bond were elon-
gated or temporarily broken. Degradation of
biphenyls, however, occurs at sites on the aromatic
ring system while the central C—C bond remains
untouched [29].

Another evidence against a highly active racemase
is the fact that racemic II once injected was recovered
as an optically-active PCB. One might argue that
(—)-II was not completely extracted because of its
stronger binding to the liver. We assume, however,
since no additional PCB could be extracted with
chloroform, that multiple extractions with boiling
hexane completely removed all remaining com-
pound. An artificial enrichment of the antipodes
during the cleanup was not possible due to the exclus-
ive use of achiral solvents and adsorption materials.

The enantiomers of the octachlorobiphenyl (IIT)
administered at a dose of 100 umol/kg were just as
weak as the racemate. It is therefore probable that
the induction elicited by the racemate is the additive
effect of each contributing enantiomer. Obviously
the enzyme induction caused by racemic-III is not the
result of either a potent inhibition or a potentiation of
one antipode by the other. The possibility remains
that differential induction could be seen at higher
doses or with larger experimental groups.

The differential induction seen with the hexa-
chlorobiphenyl (IT) could be explained by differences
in pharmacokinetic parameters (absorption, distri-
bution, metabolism, excretion) or in induction
potency, or by a combination of the above. The
relative concentrations of the enantiomers of II both
in the liver extract and in the microsomes lead to the
conclusion that the higher concentration of the (+)-
enantiomer may be responsible for its increased
induction potency. Although we cannot exclude the
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possibility that differences in inherent induction
potency exist, enantioselective transport or metab-
olism is more likely to account for these observations.

The results presented here are contrary to an
assumption of Safe and co-workers, that “it is
unlikely that metabolic or bioconcentration-factors
play a role in determining relative enzyme induction
potencies” of Il and other 2,4-dichlorosubstituted
PCBs {2]. If differences between such similar mol-
ecules as enantiomers can lead to concentration dif-
ferences in the liver as high as 2-fold, then
concentration differences for PCBs with different
substitution patterns (which are not so closely
related) could be much higher.

In conclusion this paper demonstrates differential
effects in the induction of cytochrome P-450-depen-
dent monooxygenases by PCB atropisomers (which
possess axial chirality). We have recently reported
similar effects for the enantiomers of trans-stilbene
oxide [31], molecules which possess active-center
chirality. In both cases pharmacokinetic factors com-
plicated the interpretation of these in vivo effects.
Future investigations will be directed toward the
elucidation of these effects in in vitro systems.
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