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ABSTRACT: Polychlorinated biphenyl (PCB) congeners with
multiple ortho chlorine substituents and their metabolites exist as
stable rotational isomers, or atropisomers, that are non-
superimposable mirror images of each other. Additionally, the
oxidation of certain axially prochiral PCBs, such as 2,2′,4,6′-
tetrachlorobiphenyl (PCB 51) and 2,2′,4,5,6′-pentachlorobiphen-
yl (PCB 102), in the meta position of the symmetrically
substituted phenyl ring is expected to form axially chiral
hydroxylated metabolites (OH-PCBs); however, the formation
of chiral OH-PCBs from prochiral PCBs has not been
demonstrated experimentally. Here, we investigate if the
oxidation of PCB 51 and PCB 102 by different microsomal
preparations results in the formation of chiral OH-PCBs. Gas chromatographic analysis revealed that PCB 51 and PCB 102 were
metabolized to 2,2′,4,6′-tetrachlorobiphenyl-3′-ol (OH-PCB 51) and 2,2′,4,5,6′-pentachlorobiphenyl-3′-ol (OH-PCB 102),
respectively, by liver microsomes from male rats pretreated with different inducers; untreated male monkeys, guinea pigs, rabbits,
and hamsters; and female dogs. The formation of both metabolites was inducer- and species-dependent. Both OH-PCB 51 and
OH-PCB 102 were chiral and formed enantioselectively by all microsomal preparations investigated. These findings demonstrate
that axially chiral PCB metabolites are formed from axially prochiral PCB congeners, a fact that should be considered when
studying the environmental fate, transport, and toxicity of OH-PCBs.

■ INTRODUCTION

OH-PCBs are emerging environmental contaminants that
represent a significant human health concern because of their
presence in environmental and human samples.1 OH-PCBs are
a group of structurally diverse compounds consisting of 837
theoretically possible individual congeners.2 Humans and
laboratory studies have linked OH-PCBs to adverse outcomes,
for example, developmental neurotoxicity, endocrine disrup-
tion, and cardiovascular effects.1,3 OH-PCBs are present in
technical PCB mixtures and, together with the parent PCBs,
have been released into the environment.4 In addition, PCBs
can be transformed to OH-PCBs by both biotic and abiotic
processes. Oxidation of PCBs by hydroxyl radicals in the
atmosphere has been proposed as a major mechanism for the
degradation of PCBs in the environment.5,6 There is also
evidence that OH-PCBs are formed during wastewater
treatment processes, either as a result of microbial oxidation
or oxidation by hydroxyl radicals generated by advanced
oxidation processes.7 In addition, PCBs undergo biotransfor-
mation to OH-PCBs in fungi,8 plants,9−11 fish,12 birds,13 and
mammals,13−18 including humans,14,17 typically by reactions
involving cytochrome P450 (P450) enzymes.
Like their parent compounds, OH-PCBs with three or four

ortho chlorine substituents and an unsymmetrical substitution
pattern in both phenyl rings relative to the phenyl−phenyl

bond are axially chiral.19−21 These OH-PCBs and other PCB
metabolites exist under ambient conditions as stable rotational
isomers, or atropisomers, that are non-superimposable mirror
images of each other.22 Chiral OH-PCBs can be formed by the
oxidation of a chiral PCB congener. Considerable evidence
demonstrates that plants, such as poplar,10,23 and mam-
mals14,15,17 metabolize chiral PCBs in a congener and species-
dependent manner to chiral OH-PCBs. P450 enzyme-mediated
metabolism in mammals, such as rats and mice, results in
nonracemic chiral signatures of these OH-PCB metabolites in
vitro and in vivo.13,16,24,25 In addition, chiral OH-PCBs can
theoretically be formed by oxidation of axially prochiral PCB
congeners with three or four ortho chlorine substituents.21

Axially prochiral PCB congeners have one phenyl ring with an
unsymmetrical chlorine substitution pattern and a second
phenyl ring with a symmetrical chlorine substitution pattern
(i.e., 2,6; 3,5; 2,4,6; 3,4,5; 2,3,5,6; and 2,4,3,4,5,6). Introduction
of a hydroxyl group in the meta or ortho position breaks the
symmetry of this ring, thus resulting in axially chiral molecules.
However, the enantioselective formation of a chiral OH-PCB
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from an axially prochiral PCB congener has not been confirmed
experimentally.
Here, we investigate the P450 isoform and species-dependent

metabolism of two prochiral PCB congeners, PCB 51 and PCB
102, using liver microsomes. Both PCB congeners were
selected because they are present at considerable levels in
technical PCB mixtures. PCB 51 and PCB 102 are structurally
related to 2,2′,3,4′,6-pentachlorobiphenyl (PCB 91) and
2,2′,3,4′,5′,6-hexachlorobiphenyl (PCB 132), two axially chiral
PCB congeners that are enantioselectively oxidized by
mammalian CYP2B enzymes in the meta position of the
2,3,6-trichloro-substituted phenyl ring.15,18,26 Based on the
structural similarity between the axially prochiral vs axially
chiral PCB congeners (i.e., 2,6- vs 2,3,6-substitution) and
established structure−metabolism relationships,19,20 we inves-
tigated if PCB 51 and PCB 102 are oxidized by CYP2B
enzymes in the meta position of the 2,6-dichloro substituted
phenyl ring, thus resulting in novel, axially chiral PCB
metabolites. Our results provide strong experimental evidence
that both axially prochiral PCB congeners are enantioselectively
metabolized by P450 enzymes to axially chiral OH-PCBs.

■ EXPERIMENTAL SECTION
Materials. PCB 51, PCB 102, 2,3,4′,5,6-pentachlorobiphen-

yl (PCB 117; recovery standard), 2,2′,3,4,4′,5,6,6′-octachlor-
obiphenyl (PCB 204; internal standard), and 2,3,3′,4,5,5′-
hexachlorobiphenyl-4′-ol (4′-OH-PCB 159; recovery standard)
were purchased from AccuStandard, Inc. (New Haven, CT).
Solutions of diazomethane in diethyl ether for the derivatization
of HO-PCBs to methylated OH-PCB derivatives were
synthesized from N-methyl-N-nitroso-p-toluenesulfonamide
(Diazald) using an Aldrich mini Diazald apparatus (Milwaukee,
WI).27 β-Nicotinamide adenine dinucleotide 2′-phosphate
reduced tetrasodium salt hydrate (NADPH) was purchased
from Sigma-Aldrich, Inc. (Milwaukee, WI). Dimethyl sulfoxide
(DMSO), sodium phosphate dibasic, sodium phosphate
monobasic, magnesium chloride, tetrabutylammonium sulfite,
sodium sulfite, and pesticide grade solvents were obtained from
Fisher Scientific (Pittsburgh, PA). Liver microsomes prepared
from male Sprague−Dawley rats pretreated with classical
inducers of hepatic P450 enzyme activities, including β-
naphthoflavone (BNF), clofibric acid (CFA), dexamethasone
(DEX), isoniazid (INH), or phenobarbital (PB), were
purchased from Xenotech (Lenexa, KS) to study the role of
different P450 isoforms, in particular, CYP2Bs, in the
enantioselective metabolism of PCBs.15,28,29 In addition, liver
microsomes from untreated beagle dogs (female), Hartley
albino guinea pigs (male), golden Syrian hamsters (male),
Cynomolgus monkeys (male), and New Zealand rabbits (male)
were obtained from Xenotech to study species differences in
the metabolism of prochiral PCBs. The same microsomal
preparations have been used in our previous study investigating
the species-dependent metabolism of chiral 2,2′,3,3′,6,6′-
hexachlorobiphenyl (PCB 136).17 Rat liver microsomes were
prepared from corn oil (CO) treated rats and characterized as
previously described.29 Additional details regarding the micro-
somal preparations are provided in Tables S1 and S2
(Supporting Information).
Prochiral PCB Biotransformation Experiments. An

incubation system containing phosphate buffer (0.1 M, pH
7.4), magnesium chloride (3 mM), liver microsomes (0.1 mg/
mL), and NADPH (0.5 mM) was preincubated for 5 min at 37
°C in a shaking water bath. PCB 51 or PCB 102 in DMSO

(≤0.5% of the incubation volume) was added to give a final
concentration of 50 μM in a 2 mL incubation system.29 The
mixtures were incubated for 2 h at 37 °C with the intent to
generate enough products for enantioselective analyses. Hence,
relatively high concentrations of both PCB congeners were
used, and the formation of major metabolites may not
necessarily be linear over the entire period of the incubation.15

The reaction was stopped by adding ice-cold sodium hydroxide
(2 mL, 0.5 M) to each sample. The incubation mixture was
heated at 110 °C for 10 min to further denature the protein and
solubilize the microsomes. Blank samples containing only
phosphate buffer accompanied each experiment. In addition,
control incubations without PCB were included for each
microsomal preparation investigated to check for background
contamination with PCBs or their hydroxylated metabolites.
Large-scale incubations with a final incubation volume of 16
mL were performed analogously with liver microsomes
prepared from DEX-pretreated male rats to allow the
characterization of hydroxylated metabolites.

Extraction of PCBs and Metabolites. A published
method was used to extract PCB 51 or PCB 102 and their
hydroxylated metabolites from the incubation mixtures.24,29

Briefly, samples were spiked with surrogate recovery standards
PCB 117 (200 ng) and 4′-OH-PCB 159 (68.5 ng). Hydro-
chloric acid (6 M, 1 mL) was added followed by 2-propanol (5
mL). The samples were extracted with hexane−MTBE (1:1 v/
v, 5 mL) and re-extracted with hexane (3 mL). The combined
organic layers were washed with an aqueous potassium chloride
solution (1%, 4 mL). The organic phase was transferred to a
new vial, and the KCl mixture was re-extracted with hexane (3
mL). The combined organic layers were evaporated to dryness
under a gentle stream of nitrogen. The samples were
reconstituted with hexane (1 mL), methanol (5 drops) was
added and samples were derivatized with diazomethane in
diethyl ether (0.5 mL) for approximately 16 h at 4 °C to allow
complete derivatization. The samples then underwent sulfur
and sulfuric acid cleanup steps as described previously.30,31 The
organic top layer was transferred to new vials, PCB 204 (50 ng)
was added as the internal standard (or volume corrector), and
extracts were concentrated as needed for gas chromatographic
analysis.

Racemization of OH-PCBs metabolites. To confirm that
the major hydroxylated metabolites of PCB 51 and PCB 102
were formed atropselectively during microsomal metabolism,
aliquots of representative hexane extracts were transferred into
a 2 mL amber ampule. Each extract was evaporated to dryness,
and the flame-sealed ampule was heated to 300 °C for 2 h.
PCBs with three ortho chlorine substituents have been shown
to completely racemize under these conditions.32 Subsequently,
the samples were reconstituted in hexane and analyzed by
enantioselective gas chromatography as described below.

Identification of PCB Metabolites. Full mass spectra with
accurate mass determinations were used to identify the
hydroxylated PCB metabolite (as the corresponding methylated
OH-PCB derivatives) in representative extracts. Briefly, samples
were analyzed on an Agilent 7890A gas chromatograph
combined with a Waters GCT Premier time-of-flight mass
spectrometer (Waters Corporation, Milford, MA) in the High
Resolution Mass Spectrometry Facility of the University of
Iowa (Iowa City, IA). Analytes were separated using a DB-5ms
capillary column (30 m length, 250 μm inner diameter, 0.25 μm
film thickness; Agilent, Santa Clara, CA). The oven temper-
ature was initially held at 150 °C for 1 min, ramped at a rate of
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30 °C/min to a final temperature of 240 °C, and held for 15
min at 240 °C. The injector temperature was 280 °C and
operated in the splitless mode. The helium flow rate was 1.5
mL/min. The source and transfer line temperatures were both
250 °C, and a mass range of m/z 50 to 650 was collected.
Heptacosafluorotributylamine was continuously introduced as
internal standard (lock mass). To correct for shifts in retention
times (RT) across analyses, relative retention times (RRTs) of

all metabolites were determined against the internal standard

(PCB 204). If not stated otherwise, metabolites were identified

as follows: RRTs of metabolite peaks were within 0.5% of the

average of RRT of the respective metabolite;33 the experimental

accurate mass of [M]+ was within 0.003 Da of the theoretical

mass of the predicted molecular formula; and the isotope

patterns matched the theoretical model with 20% error

Figure 1.Metabolism of prochiral PCB 51 or PCB 102 by rat liver microsomes results in the formation of one major monohydroxylated and a minor
dihydroxylated metabolite (analyzed as the corresponding methylated derivatives). (A1) Gas chromatogram showing the presence of two
metabolites, OH-PCB 51 and diOH-PCB 51, after incubation of PCB 51 with rat liver microsomes, and mass spectra of (A2) OH-PCB 51 and (A3)
diOH-PCB 51 after derivatization with diazomethane. (B1) Chromatogram showing the presence of two metabolites, OH-PCB 102 and diOH-PCB
102, after incubation of PCB 102 with rat liver microsomes, and mass spectra of (B2) OH-PCB 102 and (B3) diOH-PCB 102 after derivatization
with diazomethane. See text for additional details regarding the identification of these metabolites. Metabolism studies were performed for 2 h at 37
°C with rat liver microsomes from phenobarbital-pretreated male rats. Hexane/MTBE extracts of a representative incubation were analyzed after
methylation of the OH-PCB metabolites with diazomethane by GC−MS as described in the Experimental Section.
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(Figures S1−S22). All samples contained traces of a
monohydroxylated PCB metabolite (Figures S23 and S24).
Quantification of Relative Metabolite Levels. Sample

extracts were analyzed on an Agilent 7890A gas chromatograph
with a 63Ni-micro electron capture detector (GC-μECD) and a
SPB-1 capillary column (60 m length, 250 μm inner diameter,
0.25 μm film thickness; Supelco, St Louis, MO) as reported
previously.28 Both the inlet and detector temperatures were set
to 250 °C. The initial oven temperature was 50 °C, held for 1
min, and then increased by 30 °C/min until it reached 200 °C.
The temperature increased by 1 °C/min until 250 °C, then by
10 °C/min to a final temperature of 280 °C. The injector was
operated in the splitless mode. Since authentic standards of the
metabolites were not available, relative metabolite levels are
presented as area of the major metabolite relative to the area of
the internal standard (PCB 204). The RRTs of all metabolites,
calculated relative to PCB 204, were within 0.5% of the average
RRT for the respective metabolite.33

Enantioselective Gas-Chromatographic Analyses. Ex-
tracts from all microsomal incubations were analyzed using an
Agilent 6890 gas chromatograph equipped with a μECD and a
Chirasil-Dex (CD) capillary column (25 m length, 250 μm
inner diameter, 0.25 μm film thickness; Agilent, Santa Clara,
CA). The oven temperature was as follows: initial temperature
was 50 °C held for 1 min, ramped at 10 °C/min to 140 °C and
held at 140 °C for 190 min (for PCB 51 extracts) or 350 min
(for PCB 102 extracts), the temperature was then ramped at 20
°C/min to the final temperature of 225 °C and held for 10 min.
The helium flow was 3 mL/min. Details regarding the
optimization of the temperature for the enantioselective
analyses can be found in Tables S3A and S3B. Enantiomeric
fractions (EF) were calculated by the drop valley method as EF
= area E1/(area E1 + area E2), where area E1 and area E2 denote
the peak area of the first and second eluting atropisomer.34

Extracts from large-scale incubations of both congeners with
microsomes prepared from dexamethasone-pretreated rats were
also analyzed by gas chromatography−mass spectrometry
(GC−MS) on the Chiral-Dex B-DM capillary column (30 m
length, 250 μm inner diameter, 0.12 μm film thickness;
Supelco, St. Louis, MO). These limited experiments provide
additional evidence that, based on their m/z, the two peaks
observed in the enantioselective analysis are indeed methylated
OH-PCB atropisomers (see Figure S25).
Quality Assurance/Quality Control. The recoveries of

PCB 117 and 4′-OH-PCB 159 were 96 ± 11% (range: 65−
130) and 115 ± 7% (range: 90−133), respectively. The
resolution29 of atropisomers of OH-PCB 51 and OH-PCB 102
analyzed by GC−μECD using the CD column was 1.19 and
0.84, respectively. The EF of OH-PCB 51 and OH-PCB 102
after racemization were 0.46 ± 0.01 (n = 8) and 0.49 ± 0.01 (n
= 6) on the CD column, as determined by GC−μECD.
Statistical Analyses. Unless stated otherwise, all data are

reported as the mean of triplicate incubations ± one standard
deviation. Differences of EF values of OH-PCB metabolites
from microsomal incubations, and EF values of the racemic
OH-PCBs were assessed with Student’s t test. The EF of OH-
PCB metabolites from samples racemized for 2 h at 300 °C was
considered racemic. All differences were considered statistically
significant for p < 0.05.

■ RESULTS AND DISCUSSION
Identification of PCB 51 Metabolites. The oxidation of

PCB 51 in incubations with liver microsomes prepared from

male rats pretreated with PB, a potent inducer of hepatic
CYP2B enzymes, resulted in the formation of two metabolites
according to GC−MS analysis (Figure 1; panel A1). The
molecular ion cluster of the major metabolite, OH-PCB 51 (RT
= 5.84 min, RRT = 0.662), matched the theoretical m/z and
abundance ratios of a methylated derivative of a monohydroxy-
lated tetrachlorobiphenyl (calculated for C13H8O

35Cl4 m/z
319.9329, experimental m/z 319.9341; abundance ratio
1:1.4:0.6; Figure 1; panel A2). The fragmentation pattern was
consistent with a methylated hydroxylated tetrachlorobiphenyl
derivative, with characteristic fragments such as [M − CH3]

+,
[M − CH3 − CO]+, [M − CH3 − Cl]+, and [M − CH3 − CO
− Cl2]

+. The same fragmentation pattern has been reported
previously for meta or para but not ortho-substituted derivatives
of OH-PCBs.35−37 OH-PCB 51 was also formed in incubations
with all other microsomal preparations investigated. We posit
that OH-PCB 51 corresponds to a meta-hydroxylated
metabolite, 2,2′,4,6′-tetrachlorobiphenyl-3′-ol, because CYP2B
enzymes, which are present at high levels in microsomes from
PB-treated rats, oxidize multiple-ortho substituted PCBs
primarily in the meta position.14,15,38 Moreover, ortho-
substituted PCBs with a p-chlorine substituent in one phenyl
ring are preferentially hydroxylated in the non-para-substituted
ring.39 Traces of other monohydroxylated PCB 51 metabolites
(as methylated derivatives) were also detected by GC−MS in
incubations with several microsomal preparations (see the
Supporting Information). These metabolites were present as
low levels and could not be further identified.
The m/z of the monoisotopic molecular ion of the minor

PCB 51 metabolite, diOH-PCB 51 (RT = 6.75 min, RRT =
0.765), corresponded to a dimethylated dihydroxylated PCB 51
derivative (calculated for C14H10O2

35Cl4 m/z 349.9435,
experimental m/z 349.9455; abundance ratio 1:1.3:0.6; Figure
1; panel A3). The mass spectrum of methylated diOH-PCB 51
showed characteristic fragments, including [M − CH3]

+, [M −
CH3 − CO]+, [M − C2H6 − CO]+, [M − CH3 − CO − Cl]+,
[M − C2H6 − CO − Cl]+, and [M − C2H6 − (CO)2 − Cl2]

+,
which support the identification of this metabolite as a diOH-
PCB 51 metabolite. Similar fragmentation patterns have been
observed for other structurally related 4,5-dimethoxylated PCB
derivatives.40,41 Based on the RRT, low levels of diOH-PCB 51
(as methylated derivative) were also detected by GC−MS in
incubations with liver microsomal preparations prepared from
CFA and INH pretreated rats (data not shown) but not in any
other microsomal preparations investigated. Because diOH-
PCB 51 is likely a secondary metabolite formed from OH-PCB
51, this dihydroxylated metabolite was tentatively identified as
3′,4′-dihydroxy-2,2′,4,6′-tetrachlorobiphenyl. The proposed
catechol structure is consistent with in vitro metabolism studies
demonstrating that meta-hydroxylated PCBs are metabolized to
meta,para-dihydroxylated metabolites by recombinant rat
CYP2B1,15 dog liver microsomes,42 and recombinant dog
CYP2B11.43

Identification of PCB 102 Metabolites. The oxidation of
PCB 102 by liver microsomes prepared from male PB-
pretreated rats also resulted in the formation of two
metabolites, OH-PCB 102 and diOH-PCB 102 (Figure 1;
panel B1). The accurate mass determination and abundance
ratios of the molecular ion cluster of the major metabolite, OH-
PCB 102, matched a methylated derivative of a monohydroxy-
lated pentachlorobiphenyl (calculated for C13H7O1

35Cl5 m/z
353.8940, experimental m/z 353.8912; abundance ratio
1:1.7:1.1:0.3). The molecular ion cluster of the diOH-PCB

Environmental Science & Technology Article

DOI: 10.1021/acs.est.6b05387
Environ. Sci. Technol. 2017, 51, 1820−1829

1823

http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05387/suppl_file/es6b05387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05387/suppl_file/es6b05387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05387/suppl_file/es6b05387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05387/suppl_file/es6b05387_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.6b05387/suppl_file/es6b05387_si_001.pdf
http://dx.doi.org/10.1021/acs.est.6b05387


102 derivative was consistent with a dimethylated dihydroxy-
lated PCB 102 metabolite (calculated for C14H9O2

35Cl5 m/z
383.9045, experimental m/z 383.8984; abundance ratio
1:1.7:1.1:0.4). The fragmentation patterns of methylated
derivatives of OH-PCB 102 and diOH-PCB 102 were identical
to the fragmentation patterns of the PCB 51 metabolites
discussed above (Figure 1; panels B2 and B3). OH-PCB 102
(as methylated derivative) was detected by GC−MS in
incubations with all microsomal preparations investigated.
diOH-PCB 102 was formed in incubations with microsomes
prepared from CO, CFA, and INH pretreated rats as well as
dogs and hamsters. We tentatively identified OH-PCB 102 as
2,2′,4,5,6′-pentachlorobiphenyl-3′-ol and diOH-PCB 102 as
3′,4′-dihydroxy-2,2′,4,5,6′-pentachlorobiphenyl based on the
mass spectrometric evidence and established structure−activity
relationships for the metabolism of ortho-substituted PCBs.
GC−MS analysis suggested the formation of trace levels of
other OH-PCB metabolites in several microsomal incubations
that could not be further identified (see the Supporting
Information).
Rat P450 Isoform-Dependent Metabolism of Prochiral

PCBs. Similar to metabolism studies with PCB 3 (4-
chlorobiphenyl)44 and several dichlorobiphenyls,39 we used
rat liver microsomes from rats pretreated with the following
classical inducers to assess the role of different P450 isoforms in
the metabolism of prochiral PCBs: BNF (CYP1A inducer),
CFA (CYP4A inducer), DEX (CYP3A inducer), INH (2E1
inducer), and PB (CYP2B inducer) (Figure 2).29,39,45−48

Extracts from microsomal incubations were analyzed using an
established GC−μECD method.24,28,49 This method is more
sensitive compared to the GC−MS analysis described above.
Major metabolites were identified based on their RRTs and
quantified relative to the internal standard (PCB 204). The

highest levels of OH-PCB 51 were observed in incubations with
liver microsomes prepared from male rats pretreated with PB
(Figure 2; panel A1). The levels of OH-PCB 51 formed by
different rat liver microsomal preparations followed the rank
order PB ≫ CFA > DEX > INH ∼ CO ≫ BNF. Similarly,
metabolism of PCB 102 resulted in the formation of only one
monohydroxylated metabolite, OH-PCB 102 (Figure 2; panel
A2). The rank order of the levels of OH-PCB 102 across the
different rat liver microsomal preparations were the same as
observed with OH-PCB 51. The observation that OH-PCB 51
and OH-PCB 102 are the major metabolites in incubations with
microsomes from PB-pretreated rats is consistent with the well-
documented CYP2B enzyme-mediated oxidation of ortho-
substituted PCBs in the meta position.14,15,39,50

The rank order of OH-PCB 51 and OH-PCB 102 levels
suggests that CYP1A, CYP2E, CYP3A, and CYP4A isoforms
play only a minor if any role in the metabolism of both
prochiral PCBs. Analogously, the profiles and levels of PCB 136
metabolites formed by hepatic microsomes obtained from
3,3′,4,4′,5- pentachlorobiphenyl (PCB 126) (CYP1A inducer)
or DEX (CYP3A inducer) pretreated rats did not suggest their
formation by CYP1A17 or CYP3A enzymes,29 respectively.
Instead, the rank order observed in this study likely reflects the
extent of CYP2B induction by different inducers. For example,
inducer pretreatment decreases rat liver microsomal pentoxyr-
esorufin-O-dealkylase (CYP2B) activity in the order PB ≫
DEX > CFA > CO.47 Similarly, both 7-(benzyloxy)resorufin-O-
debenzylase (CYP2B) activity and PCB 136 biotransformation
rates follow the rank order PB ≫ DEX > CO in liver
microsomes prepared from male rats,29 which is in agreement
with their formation by CYP2B1.14,15,43

diOH-PCB 51 and diOH-PCB 102 were minor metabolites
in all rat liver microsomal preparations with the exception of

Figure 2. Cytochrome P450-dependent metabolism of prochiral PCB 51 and PCB 102 to mono- and dihydroxylated metabolites is cytochrome
P450 isoform and species dependent (analyzed as the corresponding methylated derivatives). The relative levels of hydroxylated metabolites of (A1)
PCB 51 and (A2) PCB 102 differ between incubations with microsomal preparations from rats pretreated with inducers of different P450 enzymes.
Moreover, relative levels of hydroxylated metabolites of (B1) PCB 51 and (B2) PCB 102 vary between incubations with liver microsomes obtained
from different species. Levels of all OH-PCB metabolites were determined after methylation with diazomethane and are expressed relative to the
internal standard because no authentic standards of the metabolites were available. Data are presented as mean ± standard deviation (n = 3
incubations per microsomal preparation; n = 2 for OH-PCB 102 hamster microsomal preparation incubations). Abbreviations of inducers: BNF, β-
naphthoflavone; CFA, clofibric acid; DEX, dexamethasone; INH, isoniazid; PB, phenobarbital. ND: below the relative detection limit.
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liver microsomes from PB-pretreated rats. This observation
suggests that both dihydroxylated metabolites are formed by
the CYP2B-mediated oxidation of the corresponding mono-
hydroxylated metabolite. Waller et al. found that a structurally
related meta hydroxylated PCB 136 metabolite, 2,2′,3,3′,6,6′-
hexachlorobiphenyl-5-ol (5-OH-PCB 136), is metabolized by
recombinant rat CYP2B1 or dog CYP2B11 to the correspond-
ing 4,5-dihydroxylated PCB 136 metabolite.43 We previously
reported that 2,2′,3,5′,6-pentachlorobiphenyl-5-ol (5-OH-PCB
95) is enantioselectively metabolized by rat CYP2B1 to a 4,5-
dihydroxylated metabolite of PCB 95.15 These in vitro
metabolism studies did not detect the formation of
dihydroxylated PCB metabolites with hydroxyl groups in
separate phenyl rings. In contrast, Sundström et al. identified
such dihydroxylated PCB metabolite in vivo in rats, mice, and
quails,13 a finding that suggests more complex metabolism
pathways in vivo.
Species-Dependent Hepatic Metabolism of Prochiral

PCBs. Species differences in the metabolism of PCBs 51 and
102 were investigated using liver microsomes prepared from
toxicologically and environmentally relevant mammalian
species, such as dogs, guinea pigs, hamsters, monkeys, and
rabbits.17 As with rat liver microsomes, OH-PCB 51 and OH-
PCB 102 were the major metabolite in all incubations with
PCB 51 and PCB 102, respectively (Figure 2; panels B1 and
B2). Both OH-PCBs were formed in the rank order dog >
hamster > rabbit ∼ rat ∼ guinea pig > monkey. A similar rank
order for meta hydroxylation has been reported for the

metabolism of chiral PCB 136.17 The finding that PCB 51
and PCB 102 are metabolized in the meta position by liver
microsomes from different species is consistent with previous
studies demonstrating that rat CYP2B1,14 human CYP2B6,51

dog CYP2B11,43 and guinea pig CYP2B18,52 but not rabbit
CYP2B4,43 oxidize PCBs in the meta position. Although this
has not been demonstrated previously, it is likely that fish,
birds, and other animals metabolize multi-ortho-substituted
PCBs because their liver microsomes display CYP2B-like
activity (determined as 7-pentoxyresorufin-O-deethylase and/
or 7-benzyloxyresorufin-O-deethylase activity). However, the
respective P450 enzymes are not necessarily members of the
CYP2B subfamily and may display a stereoselectivity different
from mammalian CYP2B enzymes.12,13,53−55

Enantioselective Analyses. The introduction of a meta
hydroxyl group in the 2,6-dichlorinated phenyl ring of PCB 51
and PCB 102 breaks its symmetry relative to the phenyl−
phenyl bond, thus resulting in OH-PCB metabolites that are
predicted to exist as stable atropisomers under ambient
conditions.22 Enantioselective GC−μECD analysis of extracts
from different rat liver microsomal incubations with PCB 51
and PCB 102 revealed an enrichment of E2-OH-PCB 51 and
E2-OH-PCB 102, respectively (Figures 3; columns A1 and A2).
The extent of the enantiomeric enrichment of the OH-PCB
metabolites of PCB 51 and PCB 102 differed across these rat
liver microsomal preparations (Figure 4). OH-PCB 51
displayed a more pronounced enantiomeric enrichment
compared to OH-PCB 102 in incubations with rat liver

Figure 3. Second eluting atropisomer (E2) of OH-PCB 51 and OH-PCB 102 is enriched in microsomal incubations irrespective of the inducer-
pretreatment or the species (analyzed as the corresponding methylated derivatives). Representative gas chromatograms showing the enrichment of
the second eluting atropisomer of OH-PCB 51 (column A1) and OH-PCB 102 (column A2) in incubations with liver microsomes obtained from
rats pretreated with BNF, CFA, DEX, INH, PB, or corn oil (CO)-treated rats. The same direction of the atropisomeric enrichment was observed in
incubations with liver microsomes prepared from dogs, guinea pigs, hamsters, monkeys, rabbits, and CO-treated rats for OH-PCB 51 (column B1)
and OH-PCB 102 (column B2). Samples of OH-PCB 51 or OH-PCB 102 racemized by heating at 300 °C for 2 h are shown for comparison
(bottom chromatograms). All extracts containing OH-PCB metabolites were analyzed after methylation with diazomethane and analyzed at 140 °C
on a Chirasil-Dex column. An impurity present in control incubations is indicated by a downward arrow. Abbreviations of inducers: BNF, β-
naphthoflavone; CFA, clofibric acid; DEX, dexamethasone; INH, isoniazid; PB, phenobarbital.
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microsomes. Similarly, the extent of the enantioselective
metabolism of chiral PCBs to chiral hydroxylated metabolites
is congener specific.28 Moreover, the EF of OH-PCB 51 and
OH-PCB 102 varied between different rat liver microsomal
preparations. In the case of PCB 51, incubations with rat liver
microsomes from PB, CFA and DEX-treated rats resulted in
the most pronounced enrichment of E2-OH-PCB 51, whereas
the least pronounced enrichment was observed in incubations
with microsomes from BNF and INH-treated rats (Figure 4;
panel A1). In contrast, experiments using microsomes from
BNF and INH-treated rats displayed a more pronounced
atropisomeric enrichment of E2-OH-PCB 102 compared to the
other rat liver microsomal preparations investigated (Figure 4;
panel A2). The extent of the enantiomeric enrichment was also
species dependent. The most pronounced atropisomeric
enrichment of E2-OH-PCB 51 was observed with dog liver
microsomes (Figure 4; panel B1), whereas a near racemic chiral
signature was observed with monkey liver microsomes. EF
values of OH-PCB 51 followed the rank order monkey > rabbit
∼ guinea pig > hamster > rat > dog. Metabolism of PCB 102 by
hamster and monkey liver microsomes resulted in a more
pronounced enrichment E2-OH-PCB 102 compared to the

other liver microsomes investigated (Figure 4; panel B2).
Additional metabolism studies are needed to determine if other,
in particular nonmammalian, species also oxidize prochiral
PCBs to axially chiral metabolites.
In previous metabolism studies, the direction of the

enantiomeric enrichment of OH-PCB 136 metabolites was
also identical in incubations with rat liver microsomes and
precision-cut tissue slices prepared from animals pretreated
with PB or DEX.28,29 Specifically, E2-5-OH-PCB 136 and E1-4-
OH-PCB 136 were enriched in microsomal incubations in the
previous study, irrespective of inducer pretreatment. Incuba-
tions of PCB 51 and PCB 102 with liver microsomes from
different species also resulted in an enrichment of E2-OH-PCB
51 and E2-OH-PCB 102, respectively (Figure 3; columns B1
and B2). A previously published metabolism study with PCB
136 similarly revealed a consistent enrichment of E2-5-OH-PCB
136 and E2-4-OH-PCB 136 in incubations with microsomes
from dogs, guinea pigs, monkeys, and rabbits;17 however, there
were differences in the direction of the enantiomeric enrich-
ment of OH-PCBs for incubations with some microsomal
preparations, such as liver microsomes obtained from mice.
Such differences in the direction of the enantiomeric enrich-
ment of PCB metabolites in our earlier study are likely due to
congener- and species-specific differences in the enantioselec-
tivity oxidation of PCBs by different P450 isoforms.
To demonstrate that the two peaks observed in the

enantioselective analyses are indeed atropisomers of chiral
PCB metabolites and not two different PCB metabolites, an
aliquot of extracts containing OH-PCB 51 or OH-PCB 102, as
methylated derivatives, was heated at 300 °C for 2 h.
Subsequent enantioselective analysis revealed essentially a 1:1
peak ratio for the two OH-PCB atropisomer peaks due to
racemization (for representative chromatograms showing the
racemization of methylated derivatives of OH-PCB 51 and OH-
PCB 102, see Figure 3). Similarly, heating pure PCB
atropisomer above their rotational energy barrier results in
their rapid racemization.32 In addition, selected metabolite
extracts from incubations with microsomes from dexametha-
sone-pretreated rats were analyzed after derivatization by
enantioselective GC−MS to confirm that the metabolites
indeed have m/z’s of methylated OH-PCBs (Figure S25).
Taken together, these results demonstrate that OH-PCB 51
and OH-PCB 102 are chiral compounds and that their
atropisomers can be separated on conventional enantioselective
columns.

Environmental Implications. The observation that axially
chiral metabolites of environmental contaminants, such as
PCBs, can be formed enantioselectively from prochiral parent
compounds has broader implications for studies of their
environmental fate and transport. It is well established that
prochiral molecules, in particular, drugs, can undergo
enantioselective biotransformation to metabolites containing a
chiral center.56 For example, prochiral methyl groups or
thioethers can be oxidized to chiral secondary alcohols or
sulfoxides, respectively, and prochiral ketones can be reduced to
secondary alcohols. Similarly, a variety of prochiral environ-
mental contaminants, for example, the herbicide atrazine and
the organophosphate insecticide fenamiphos, can form
biotransformation products containing a chiral center.
Oxidation of the isopropyl group of atrazine by cytochrome
P450 enzymes results in the enantioselective formation of a
chiral isopropyl-hydroxylated atrazine metabolite.57 The
oxidation of prochiral thioethers, such as fenamiphos, results

Figure 4. Enantiomeric fraction (EF), a measure of the extent of the
enantiomeric enrichment, of OH-PCB 51 and OH-PCB 102 depends
of the composition of the hepatic cytochrome P450 system in rats and
differs between mammalian species (analyzed as the corresponding
methylated derivatives). EF values of (A1) OH-PCB 51 and (A2) OH-
PCB 102 differ between incubations with microsomal preparations
from rats pretreated with inducers of different P450 enzymes.
Moreover, EF values (B1) OH-PCB 51 and (B2) OH-PCB 102 vary
across incubations with liver microsomes obtained from different
species. EF values were determined by valley drop method. The dotted
line corresponds to the average EF value of representative samples
after racemization at 300 °C for 2 h. Extracts from incubations with
PCB 51 or PCB 102 were analyzed a Chirasil-Dex column at 140 °C
after methylation of the OH-PCB metabolites with diazomethane.
Data are presented as mean ± standard deviation (n = 3 incubations
per microsomal preparation; n = 2 for OH-PCB 102 hamster
microsomal preparation incubations). With the exception of monkey
microsomal preparation, all EF values are significantly different from
EF of corresponding racemic OH-PCBs (t test, p < 0.05).
Abbreviations of inducers: BNF, β-naphthoflavone; CFA, clofibric
acid; DEX, dexamethasone; INH, isoniazid; PB, phenobarbital.
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in the formation of chiral sulfoxides.58 In addition to PCBs,
several other classes of environmental contaminants include
axially prochiral compounds, such as polybrominated biphenyls,
polychlorinated terphenyls, and acetamide pesticides (e.g.,
acetolachlor), and can theoretically be metabolized to axially
chiral compounds. Moreover, many natural products and drug
molecules contain biaryl or heterobiaryl moieties59 and, as the
use of these chemicals increases, may become axially prochiral
(or chiral) contaminants of environmental concern. Our study
demonstrates that the biotransformation of these axially
prochiral chemicals likely results in the enantioselective
formation of axially chiral metabolites. In contrast, abiotic
transformation processes are not enantioselective and should
result in the formation of racemic transformation products.
Therefore, chiral signatures of axially chiral transformation
products of prochiral environmental contaminants, such as
PCBs, represent an unexplored but potentially powerful tool to
gain novel insights into the environmental fate and transport of
their prochiral parent compounds.
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