1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Environ Sci Technol. Author manuscript; available in PMC 2019 May 15.

-, HHS Public Access
«

Published in final edited form as:
Environ Sci Technol. 2018 May 15; 52(10): 6000-6008. doi:10.1021/acs.est.8b00612.

HUMAN LIVER MICROSOMES ATROPSELECTIVELY
METABOLIZE 2,2",3,4’,6-PENTACHLOROBIPHENYL (PCB 91) TO
A 1,2-SHIFT PRODUCT AS THE MAJOR METABOLITE

Eric Uwimana, Xueshu Li, and Hans-Joachim Lehmler”
Department of Occupational and Environmental Health, The University of lowa, lowa City, IA

Abstract

Polychlorinated biphenlys (PCBs) and their hydroxylated metabolites (OH-PCBs) have been
implicated in neurodevelopmental disorders. Several neurotoxic PCBs, such as PCB 91, are chiral
because they form stable rotational isomers, or atropisomers, that are non-superimposable mirror
images of each other. Because only limited information about the metabolism of these PCBs by
human cytochrome P450 (P450) enzymes is available, we investigated the biotransformation of
PCB 91 to OH-PCBs by human liver microsomes (HLMs). Racemic PCB 91 was incubated with
pooled or individual donor HLMs at 37 °C, and levels and chiral signatures of PCB 91 and its
metabolites were determined. Several OH-PCBs were formed in the order 2,2",4,4",6-
pentachlorobiphenyl-3-ol (3-100; 1,2 shift product) > 2,2",3,4 ,6-pentachlorobiphenyl-5-ol (5-91)
>> 2,2 3,4” 6-pentachlorobiphenyl-4-ol (4-91) >> 4,5-dihydroxy-2,2",3,4”,6-pentachlorobiphenyl
(4,5-91). Metabolite formation rates displayed inter-individual variability. The first eluting
atropisomers of PCB 91, 3-100 and 4-91, and the second eluting atropisomer of 5-91 were
enriched in most metabolism studies. The unexpected, preferential formation of a 1,2-shift product
and the variability of the OH-PCBs profiles in experiments with individual donor HLMs underline
the need for further systematic studies of the atropselective metabolism of PCBs in humans.
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Introduction

Exposure to polychlorinated biphenyls (PCBs) has been associated with a range of adverse
health outcomes, including cancer, neurological, reproductive, endocrine, and other non-
cancer effects.! PCB congeners with multiple ortho chlorines are important components of
technical PCB mixtures and have been detected in the environment, wildlife and humans.2 3
Nineteen ortho substituted PCB congeners, for example PCB 91, PCB 95 and PCB 136
(2,2°,3,3,6,6"-hexachlorobiphenyl), display axial chirality and exist as rotational isomers,
or atropisomers, that are non-superimposable mirror images of each other.3 4 Exposure of
laboratory animals and humans to these chiral PCB congeners has been linked to
neurodevelopmental disorders,>: © possibly by mechanisms involving PCB-mediated
disruption of the calcium homeostasis in the developing brain.’~10

Evidence suggests that chiral PCBs undergo enantiomeric enrichment in the environment
and atropselectively affect the activity of drug metabolizing enzymes and endpoints
implicated in PCB-mediated neurotoxicity.2~ Chiral PCBs undergo atropisomeric
enrichment in aquatic and terrestrial food chains, thus making the biotic environment a
potential source of human exposure to non-racemic chiral PCB residues.311 For example,
several studies have reported an enrichment of the PCB 91 atropisomer eluting second on the
Chirasil-Dex (CD) column (E,-PCB 91) in certain fish species.? 13 In contrast, limited
human biomonitoring data revealed an enrichment of the PCB 91 atropisomer eluting first
on the CD column (E;-PCB 91) in human breast milk from Spain.14 Thus, humans could be
exposed via the diet to non-racemic chiral signatures of chiral PCBs, such as PCB 91.
Alternatively, chiral PCBs may undergo atropselective metabolism to hydroxylated PCBs
(OH-PCBs)15: 16 jn vivo following exposure to racemic PCB residues in the diet or by
inhalation.

In addition to the parent PCBs, OH-PCBs are emerging as environmentally relevant
contaminants which display toxicity towards wildlife and humans.1”: 18 They have been
detected in wildlife, laboratory animals and humans and can reach levels comparable to
levels of the parent compound 77 vivo.17-21 Like the parent PCBs, OH-PCBs represent a
human health concern because they cross the placenta,2? accumulate in target fetal tissues,23
and are present in the developing rat brain.1® OH-PCBs have been linked to adverse health
outcomes in laboratory and epidemiological studies, such as endocrine disruptions and
cardiovascular effects.18 OH-PCBs may also be developmental neurotoxicants, possibly by
mechanism involving altered calcium homeostasis.” Importantly, epidemiological studies
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revealed an association between OH-PCB levels and lower mental and psychomotor
development in children.24-26

OH-PCBs derived from chiral PCB congeners® 27-29 gre also chiral and potentially
neurotoxic; however, the toxicity of pure OH-PCBs atropisomers has not been investigated
to date. Chiral OH-PCBs can be formed from the parent PCBs by mammalian P450 enzymes
via a reactive PCB arene oxide intermediate that subsequently can rearrange to OH-
PCBs30: 31 or by direct insertion of an oxygen atom into aromatic C—H bonds.32 While
structure-metabolism relationships for PCBs, in particular PCBs with multiple ortho
substituents, have been established in rodent models,* 18: 33 very limited information about
the metabolism of PCBs by human P450 enzymes is available.1%: 16. 34, 35 |nterestingly, the
chiral OH-PCB metabolite profiles and stereoselectivity (/.e. chiral signatures) observed in
metabolism studies with HLMs can differ drastically from those reported in studies with rat
or mouse enzymes.3: 4

To date, only the atropselective metabolism of PCB 95 and PCB 136, chiral PCBs without
parachlorine substituents, has been investigated using HLMs.15: 16 Because the chlorine
substitution pattern influences the regioselectivity and stereoselectivity of the oxidation of
individual PCB congeners, we investigated the metabolism of PCB 91 by different HLM
preparations. This para chlorinated PCB congener is environmentally relevant? 36 and
displays non-racemic chiral signatures in wildlife2 3: 11 and humans.14 The objective of this
study was to characterize the atropselective formation of OH-PCB metabolites of PCB 91 in
incubations with human liver microsomes. Our results demonstrate that PCB 91 is
atropselectively metabolized by human P450 enzymes to OH-PCBs by mechanisms that, at
least in part, involve arene oxide intermediates. The resulting OH-PCB metabolite profiles
and chiral signatures differ from those observed in metabolism studies with other chiral
PCBs, such as the structurally related PCB 95, and, thus, underline the need for further
studies of the metabolism of PCBs in humans and the effects of the resulting metabolites on
the developing brain.

Experimental Section

Materials

PCB 91 (white solid, purity 99.9 %; see Table S1 and Figures S1-S2 for additional
information), 3-methoxy-2,2",4,4" 6-pentachlorobiphenyl (methylated derivative of 3-100),
2,2",3,4" 6-pentachlorobiphenyl-4-ol (4-91), 2,2",3,4”,6-pentachlorobiphenyl-5-ol (5-91)
and 4,5-dimethoxy-2,2",3,4’,6-pentachlorobiphenyl (dimethylated derivative of 4,5-91) were
synthesized as previously described.3 38 The chemical structures and the abbreviations of
the OH-PCB metabolites are shown in Figure 1. 2,2",4,6"-Tetrachlorobiphenyl (PCB 51;
internal standard for gas chromatography/time-of-flight mass spectrometry analyses [GC/
TOF-MS)); 2,3,4”,5,6-pentachlorobiphenyl (PCB 117; recovery standard), 2,2",3,4,4",
5,6,6”-octachlorobiphenyl (PCB 204; internal standard) and 2,3,3",4,5,5"-
hexachlorobiphenyl-4”-ol (4”-159; recovery standard) were purchased from AccuStandard
(New Haven, CT, USA). Solutions of diazomethane in diethyl ether for the derivatization of
hydroxylated PCB metabolites to methoxylated PCB derivatives were synthesized from A-
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methyl- Anitroso-p-toluenesulfonamide (Diazald) using an Aldrich mini Diazald apparatus
(Milwaukee, WI, USA).

B-Nicotinamide adenine dinucleotide 2”-phosphate reduced tetrasodium salt hydrate
(NADPH) was purchased from Sigma-Aldrich (Milwaukee, W1, USA). Dimethyl sulfoxide
(DMSO0), sodium phosphate dibasic, sodium phosphate monobasic, magnesium chloride,
tetrabutylammonium sulfite, sodium sulfite, and pesticide grade solvents were obtained from
Fisher Scientific (Pittsburgh, PA, USA). Ultrapure water (18 mQ) was used to prepare all
aqueous solutions. The human liver microsomes used in this study include pool human liver
microsomes (pool of 50, mixed gender; pHLM) and female single-donor HLMs (donors H1
to H5, age range 20-58) provided by Xenotech (Lenexa, KS, USA). Details regarding the
microsomal preparations used in this study have been published previously.1®

PCB biotransformation assays

An incubation system containing phosphate buffer (0.1 M, pH 7.4), magnesium chloride (3
mM), human liver microsomes (0.1 mg/mL), and NADPH (1 mM) was pre-incubated for 5
min at 37°C in a shaking water bath as described.®> PCB 91 (50 pM in DMSO; < 0.5% of
the incubation volume)1®: 34. 39 was added to start the reaction and the mixtures were
incubated for 5 or 15 min at 37 °C. 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 and each sample was extracted as described below. All incubations with PCB 91
were performed in triplicate. Blank samples containing only phosphate buffer were extracted
in parallel. In addition, control incubations without PCB (DMSO only), NADPH or
microsomes, and incubations with heat inactivated microsomes accompanied all microsomal
experiments.15: 33.40. 41 No metabolites were detected in any control sample. The formation
of OH-PCBs was linear for incubation times up to 15 min for individual donor HLMs or 30
min for pHLMs. Typically, < 2% of the PCB 91 added to the incubation was converted to
OH-PCB metabolites (Table S2).

Extraction of PCBs and metabolites

PCB 91 and its hydroxylated metabolites were simultaneously extracted from the incubation
mixture following a published procedure.1®: 33.40. 41 Briefly, samples were spiked with
surrogate recovery standards PCB 117 (200 ng) and 4’-159 (68.5 ng). Hydrochloric 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), transferred to
a new vial, and the KCI 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), derivatized with diazomethane in diethyl ether (0.5
mL) for approximately 16 h at 4 °C. All sample extracts underwent sulfur and sulfuric acid
clean-up steps?® prior to gas chromatographic analysis of the concentrated (~100 uL)
extracts.
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Identification of PCB metabolites

GC/TOF-MS analyses were used to identify the hydroxylated PCB metabolites formed in
incubations with pHLMs (analyzed as the corresponding methoxylated PCB derivatives).
Incubations were performed as described above using the following experimental
conditions: 50 uM PCB 91, 90 minute incubation at 37 °C, 0.3 mg/mL microsomal protein,
and 1 mM NADPH. Based on metabolism studies with PCB 95,1 a 90 minute incubation
time was expected to yield metabolite levels amenable for GC/TOF-MS analysis.
Metabolites were extracted and derivatized as described above, and samples were analyzed
on a Waters GCT Premier gas chromatograph (Waters Corporation, Milford, MA, USA)
combined with a time-of-flight mass spectrometer in the High Resolution Mass
Spectrometry Facility of the University of lowa (lowa City, IA, USA). Analytes were
separated on a DB-5ms column (30 m length, 250 um inner diameter, 0.25 pym film
thickness; Agilent, Santa Clara, CA, USA). The oven temperature was held at 150 °C for 1
min, then ramped at a rate of 30 °C/min to a final temperature of 240 °C, and held for 15
minutes at 240 °C. The column and temperature program were adopted based on earlier
studies separating structurally related OH-PCBs (as methylated derivatives) and modified
using authentic standards to allow a rapid GC/TOF-MS analysis.3” 41 The injector was
operated in the splitless mode at a temperature of 280 °C. The helium flow rate was 1.5 mL/
min. The source temperature was at 250°C, and a mass range of /m/z50 to 650 was
collected. Samples were analyzed with and without continuously introducing
heptacosafluorotributylamine as internal standard (or lock mass) to determine the accurate
mass of [M]* and obtain mass spectra of the metabolites. The average relative retention
times (RRT) (n=3) of the metabolites, calculated relative to PCB 51 as internal standard,
were within 0.5% of the RRT of the respective authentic standard.#2 All experimental
accurate mass determinations were within 0.003 Da of the theoretical mass of [M]*, and the
isotope patterns of [M]* matched the theoretical abundance ratios of pentachlorinated
bipheny! derivatives with < 20 % error.42 Gas chromatograms and mass spectra of the
metabolites as well as the corresponding authentic standards recorded without
heptacosafluorotributylamine are shown in Figure 2 and Figures S3-S10.

Quantification of metabolite levels

To determine the levels of hydroxylated PCB 91 metabolites, sample extracts were analyzed
on an Agilent 7890A gas chromatograph with a 53Ni-micro electron capture detector
(LECD) and a SPB-1 capillary column (60 m length, 250 um inner diameter, 0.25 um film
thickness; Supelco, St. Louis, MO, USA) as reported earlier.43 PCB 204 was added as
internal standard (volume corrector) prior to GC analysis. PCB 91 metabolites, as the
corresponding methylated derivatives, were quantified based on their respective relative
response factors as described previously.*?: 44 The average RRTs of the metabolites,
calculated relative to PCB 204, were within 0.5% of the RRT for the respective standard.*2
Formation rates of OH-PCBs are presented adjusted for nmol P450 or microsomal protein
content (Tables S3-S6).
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Enantioselective gas chromatographic analyses

Atropselective analyses of the PCB metabolites were carried out with extracts from the 15
min incubations as in our earlier study.1® The depletion of PCB 91 atropisomers was also
investigated under the following incubation condition: 5 or 50 uM PCB 91, 120 minutes at
37 °C, 0.5 mg/mL protein, and 0.5 mM NADPH) (Table S7).15 Briefly, extracts were
analyzed using an Agilent 6890 gas chromatograph equipped with a 53Ni-pECD detector.
PCB 91, 5-91 and 4-91 atropisomers were separated on a ChiralDex B-DM (BDM) capillary
column (30 m length, 250 pm inner diameter, 0.12 pm film thickness; Supelco, St Louis,
MO, USA). Atropisomers of 3-100 were separated on a ChiralDex G-TA (GTA) capillary
column (30 m length, 250 um inner diameter, 0.12 um film thickness; Supelco, St Louis,
MO, USA).33. 41 The oven temperature used was modified as follows: 50 °C held for 1 min,
ramped at 10 °C/min to 135 °C (140 °C) and held for 750 min (280 min), the temperature
was then ramped at 10 °C/min to the final temperature of 200 °C (180 °C) and held for 20
min (40 min) on the BDM (GTA) column. The injector and detector temperatures were both
kept at 250 °C. The helium (carrier gas) flow was 3 mL/min. The enantiomeric fraction (EF)
was calculated by the drop valley method®® as EF = Area E;/(Area E; + Area Es), were Area
E; and Area E, denote the peak area of the first and second eluting atropisomer. To allow a
comparison with other studies, 15 16 all atropisomers discussed below are identified based on
their elution order on the columns listed above.

Racemization of PCB 91 and OH-PCB metabolites

The atropisomeric enrichment of PCB 91, 3-100, 5-91 and 4-91 in metabolism studies with
HLM was further confirmed by transferring a representative hexane extract from either a 2
hour (5 uM PCB 91; pHLMs) or 15 min incubation (50 uM PCB 91; HLMs from donor H5)
into a 2 mL amber ampule. The extract was evaporated to dryness, and the flame-sealed
ampule was heated to 300 °C for 2 h as previously described.33 PCBs with three ortho
chlorine substituents have been shown to completely racemize under these conditions.46
Subsequently, the samples were reconstituted in hexane and analyzed by enantioselective
gas chromatography as described above.

Quality assurance/quality control

The response of the WuECD was linear (R% > 0.999) for all analytes within the concentration
range encountered in this study. The limits of detection (LOD) of the PCB 91 metabolites
were calculated from blank buffer samples using the IUPAC method as LOD = mean blanks
+k* Standard deviation blanks, (k is the student’s t value for a degree of freedom n-1=5 at
99% confidence level).40: 41 The LODs were 0.14, 0.39, 0.22 and 0.12 ng for 3-100, 5-91,
4-91 and 4,5-91, respectively. The background levels calculated from DMSO blanks were
0.03, 0.25, 0.32 and 0.06 ng/mL for 3-100, 5-91, 4-91 and 4,5-91, respectively. The
recoveries of PCB 117 and 4’-159 were 88 + 8% and 102 + 10%, respectively. Levels of
PCB and its metabolites were not adjusted for recovery to facilitate a comparison with
earlier studies.1® 44 The resolution of the atropisomers of PCB 91, 5-91 and 4-91 on the
BDM column was 0.88, 3.60 and 0.68, respectively. The resolution of the atropisomers of
3-100 on the GTA column was 0.86. The EF of the racemic standards of PCB 91, 3-100,
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5-91 and 4-91 were 0.501 + 0.001 (n=2), 0.500 + 0.001 (n=3), 0.498 £+ 0.001 (n=3) and 0.47
+ 0.02 (n=3), respectively.

Results and Discussion

Metabolite identification and quantification in pHLMs

The oxidation of PCB 91, a potentially neurotoxic PCB congener?’, by human liver
microsomes and the identity of the resulting hydroxylated metabolites has not been
investigated to date. GC/TOF-MS analysis revealed the formation of three
monohydroxylated and one dihydroxylated metabolite in incubations of racemic PCB 91
with pooled HLMs obtained from 50 mixed gender donors. The identification of these OH-
PCB metabolites was confirmed by accurate mass determinations and the chlorine isotope
patterns of their molecular ion (analyzed as methylated derivatives). Mass spectra of
metabolites identified in PCB 91 incubation with HLM are shown in Figure 2 (for original
mass spectra, see Figures S3-S10). Moreover, the fragmentation patterns of the
monohydroxylated PCB 91 metabolites were consistent with meta- or para-methoxylated
pentachlorobiphenyl derivatives, with characteristic fragments such as [M-CH3]*, [M-CHs-
COJ*, [M-CH3-CI]*, and [M-CH3-CO-Cl,]* (Figure 2). Previous studies reported similar
fragmentation pattern for meta or para, but not ortho substituted methylated derivatives of
monohydroxylated PCBs or more general derivatives of OH-PCBs, such as the protected
trichloroethyl sulfates.38: 47-49

Similarly, the mass spectrum of the methylated derivative of the dihydroxylated PCB 91
metabolite showed characteristic fragments, including [M-CHs3]*, [M-CH3CO]*, [M-
C2H6CO]+, [M-CH3COC|]+, [M-C2H6COC|]+, [M-CH3COC|-HC|]+ and [M-C2H6(C0)2C|]
* (Figure 2), as previously observed for the dimethoxy derivative of 4,5-91.38 50 The relative
retention time and mass spectral information of the metabolites were compared to authentic
standard of each analyte for further confirmation of their identity (Figure 1). The PCB 91
structure contains vicinal H substituents in meta/paraand ortho/meta position, sites that are
readily metabolized based on published structure-metabolism relationships.51 We observed
hydroxylation in the meta and para positions of the 2,3,6-trichloro substituted ring, whereas
no oxidation was observed in the 2,3,4-chlorophenyl ring. This observation is consistent
with earlier observations that lower chlorinated, ortho substituted PCBs with a para chlorine
substituent in one phenyl ring are preferentially oxidized by rat P450 enzymes in the non-
parasubstituted ring.52

As shown in Figure 3 and Table S2, PCB 91 was mainly oxidized in the meta position by
both pHLMs and randomly selected individual donor HLMs; with a 1,2-shift product, 3-100,
being major metabolite. 5-91 was also formed at high rate, and 4-91 was a minor metabolite.
In contrast, 1,2-shift products are minor hydroxylated metabolites formed from PCB 95 and
PCB 136 in metabolism studies with HLMs.1% 16.34 Although we cannot discount the
formation of OH-PCB metabolites of PCB 91 via the direct insertion of oxygen into a Car-H
bond, the formation of the 1,2-shift product suggests the formation of arene oxide
intermediates® that subsequently rearrange to the hydroxylated metabolites observed in this
study. Because coincubation of PCB 136 with glutathione reduces the formation of 4-136
and 5-136 in metabolism studies with HLMs, the oxidation of PCB 136 by HLMs likely
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involves arene oxide intermediates as well.3* Further studies are needed to explain why the
2,3,6-trichlorphenyl ring of structurally related PCB congeners is oxidized with different
regioselectivity; assess the formation of other oxidation products, including PCB 91 arene
oxides and dihydrodiols;32: 39: 54,55 and identify the P450 isoforms involved in their
metabolism.32 39

The OH-PCB 91 profiles observed in rodent models, both in vitroand in vivo, show distinct
differences compared to this study with HLMSs. Briefly, /n vitro studies have consistently
shown that 5-91 is the major metabolites in incubations with rat liver microsomes,*!
recombinant rat CYP2B1,5 and precision-cut mouse liver tissue slices.>® Analogous to the
structurally related PCB 5133 and PCB 52,32 and several chiral PCBs,5® oxidation of the
meta position of PCB 91 by rat CYP2BL1 likely occurs via adirect insertion of an oxygen
atom into aromatic C—H bonds. In contrast, 1,2-shift products are only minor metabolites of
PCB 91 and other chiral PCBs in rodent models, both in vitroand in vivo.32: 41.55-58 These
findings are not entirely surprising considering the well documented species differences in
the metabolism of chiral PCBs.16. 33,59, 60

Inter-individual differences in PCB 91 metabolism by HLMs

Incubations performed with individual donor human liver microsomes provide initial
insights into the inter-individual variability of the formation of hydroxylated PCB 91
metabolites (Figure 3). The sum of OH-PCBs (2OH-PCBs) formed by the different HLM
preparations followed the rank order: H5 > H3 > H2 > H4 ~ pHLM > H1. Levels of ZOH-
PCB were 2.7-fold higher in incubations with HLMs from donors H5 vs. donor H1. The
levels of ZOH-PCB 91 in this study were 3.5-fold higher compared to the levels of ZOH-
PCB 95 formed in experiments with the same pHLM preparation, an observation that
suggests that PCB 91 may be more rapidly eliminated in humans than PCB 95.15

The formation rates of individual PCB 91 metabolite showed pronounced inter-individual
differences (Tables S3-S6). For example, the rate of 5-91 formation differed 19-fold for
incubations with HLM preparations from donor H1 vs. donor H5. The rate of 3-100 and
4-91 formation differed 2.6 and 5.4-fold, respectively, for incubations with HLM
preparations from donor H1 vs. donor H5. As a consequence, the metabolite profiles formed
by individual donor HLM preparations differed for the HLM preparations investigated
(Figure 3).

Atropselective analysis

Because PCB 91 is a chiral PCB congener, we explored if PCB 91 is atropselectively
metabolized by human P450 enzymes to chiral hydroxylated metabolites. Long-term
incubations (5 uM PCB 91) showed an enrichment of the PCB 91 atropisomer eluting first
on the BDM column (E1-PCB 91), with an EF value of 0.53 (Figure 4; panels Al and A2).
EF values for all other incubations were near racemic because the high concentrations on the
racemic PCB 91 masked the depletion of a small amount of one atropisomer (Table S7). E1-
PCB 91 was also enriched in Spanish breast milk samples (EF values ranging from 0.53 to
0.65)14 and in precision cut liver tissue slices from mice.% In contrast, the second eluting
atropisomer of PCB 91, E»-PCB 91, was enriched in incubations with rat liver microsomes
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(EF = 0.43)*1 and recombinant rat CYP2B1 (EF = 0.45).55 Studies in invertebrates and fish
also report an enrichment of E,-PCB 91.3 Taken together these studies demonstrate species
differences in atropselective metabolism of PCB 91, which is consistent with species
differences reported for the metabolism of other PCB congeners.16: 33

Atropselective analysis of the hydroxylated PCB metabolites, analyzed as the corresponding
methylated derivatives, showed an atropisomeric enrichment of all metabolites investigated
(Figure 4; panels B and C). Briefly, the first eluting atropisomer of 3-100 (E;-3-100; EF
range 0.80 to 0.89), second eluting atropisomer of 5-91 (E,-5-91; EF range 0.37 to 0.48) and
first eluting atropisomer of 4-91 (E;-4-91; EF range 0.71 to 0.90) were enriched in
incubation with all microsomal preparations investigated (Figure 5, Table S7). Interestingly,
the EF value observed in incubations with individual donor microsomes displayed only
relatively small inter-individual differences.14 Only a limited number of /7 vitro metabolism
studies reported the atropselective formation of PCB 91 OH-PCB metabolites. Similar to our
study, E;-3-100 and E;-5-91 were enriched in incubations with rat liver microsomes,*!
whereas E,-5-91 was enriched in incubations with rat CYP2B1°° and in precision cut liver
tissue slices from mice.>® Earlier metabolism studies with PCB 95 and PCB 136 also
observed an atropselective formation of OH-PCBs in experiments with HLMs.15 16 Taken
together, these observations demonstrate species and P450 isoforms dependent differences in
enantioselective formation of OH-PCB 91 metabolites.

Two representative extracts containing PCB 91 and its OH-PCB metabolites (as methylated
derivatives) were heated at 300 °C for 2 h as previously described to verify that the two
peaks observed in the enantioselective analyses are indeed atropisomers of chiral PCB
derivatives and not two different PCB metabolites.33 Subsequent enantioselective analysis
revealed essentially a near 1:1 peak ratio for the two atropisomer peaks of 3-100 (EF = 0.87
before vs. 0.46 after racemization), 5-91 (EF = 0.43 before vs. 0.49 after racemization) and
4-91 (EF = 0.85 before vs. 0.51 after racemization) (Figure 4). The EF values of PCB 91
changed from 0.53 to 0.50. Similarly, heating of pure PCB atropisomer above their
rotational energy barrier has been shown to result in their rapid racemization.4

Environmental and toxicological implications

Chiral PCBs atropselectively affect key biological events implicated in the developmental
neurotoxicity of PCBs;3 4 however, the processes contributing to the levels of PCB and OH-
PCB atropisomers remains poorly characterized in humans. Based on our findings, it seems
likely that the enrichment of E1-PCB 91 in human breast milk and other human samples is
due to preferential oxidation of E,-PCB 91 by human P450 enzymes. Although more studies
are needed to support this hypothesis, it is important to emphasize that /n7 vitro models in
general predict the direction of the atropisomeric enrichment observed in rodent animal
models.3: 4 The present study provides additional evidence that the profiles of metabolites of
chiral PCBs formed by human P450 enzymes differ considerably from those observed in
rodent species. In addition, the preferential formation of a 1,2-shift product, 3-100, by
HLMs revealed a novel, congener specific difference in the metabolism of PCB 91
compared to structurally related PCB congeners, such as PCB 95 and PCB 136, in humans.
Together, these finding raise important questions that warrant further attention: 1) Does the
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atropisomeric enrichment of neurotoxic PCBs play a role in the developmental neurotoxicity
of chiral PCBs in humans and can the atropisomeric enrichment be predicted using /in vitro
approaches? 2) Is the developing human brain exposed to different OH-PCB profiles
compared to rodent species used in typical developmental neurotoxicity studies? 3) Do
chiral OH-PCBs formed by human P450 enzymes atropselectively interact with cellular
targets to modulate neurotoxic outcomes?
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Figure 1. PCB 91 biotransformation by pHL Msrevealsthe formation of three

monohydroxylated (m/z 355.9) and one dihydroxylated (m/z 385.9) metabolites (analyzed as

methylated derivatives)

(A) Simplified metabolism scheme showing the chemical structure and abbreviations of
racemic PCB 91 metabolites identified. Representative GC-TOF chromatograms of (B) PCB
91 metabolite standards and (C) an extract from an incubation with pHLMs (50 uM PCB 91,
90 minutes, 37 °C, 0.3 mg/mL protein, and 1 mM NADPH). See Figure 2 for mass spectra
of metabolites in incubation extracts. The metabolites were identified based on their
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retention times relative to the corresponding authentic standard and their m/z. See
Experimental section for GC-MS analysis conditions.
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Figure 2. Mass spectra showing typical fragmentation patterns of hydroxylated
pentachlorobiphenyls (as methylated derivatives) support the formation of (A) 3-100; (B) 5-91;
(C) 4-91; and (D) 4,5-91 in incubations of racemic PCB 91 with pHLM

See Figure 1C for the corresponding gas chromatogram.
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Figure 3. Comparison of the OH-PCB formation rates revealsinter-individual differencesin the
metabolism of racemic PCB 91 by different HLM preparations, with (A) the 1,2-shift metabolite,
3-100, and (B) 5-91 being major metabolites, and (C) 4-91 being a minor metabolite

Incubations were carried out with 50 UM racemic PCB 91, 0.1 mg/mL microsomal protein
and 1 mM NADPH for 5 min at 37 °C.1° Extracts from the microsomal incubations were
derivatized with diazomethane and analyzed by GC-UECD; see the Experimental Section for

additional details. Data are presented as mean + standard deviation, n = 3.
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Figure 4. Atropselective analysis revealed the atropselective metabolism of racemic PCB 91 to
chiral OH-PCBs 3-100, 5-91 and 4-91

Representative gas chromatograms comparing racemic standards (top panels) to PCB 91,
3-100, 5-91 and 4,-91 extracted from incubations of racemic PCB 91 with human liver
microsomes (bottom panels) and the corresponding racemized incubation extract (bottom
panels). The chromatograms demonstrate depletion of E,-PCB 91 (Al vs. A2) and
enantioselective formation of E;-3-100 (B1 vs. B2), E1-4-91 (C1 vs. C2) and E»-5-91 (C1
vs. C2). To verify that the two peaks observed in the enantioselective analyses are indeed
atropisomers of chiral PCB derivatives and not two different PCB metabolites, extracts were
racemized at 300 °C and reanalyzed by enantioselective gas chromatography (panels A3, B3
and C3). To assess the atropselective depletion of PCB 91, incubations were carried out with
5 UM PCB 91, 0.5 mg/mL microsomal protein (only pooled human liver microsomes were
used) and 0.5 mM NADPH for 2 h at 37 °C. To study the atropselective formation of the
PCB 91 metabolites, incubations were carried out with 50 UM racemic PCB 91, 0.1 mg/mL
microsomal protein and 1 mM NADPH for 15 min at 37 °C (donor H5 shown here; see
Figure 5 for results from incubations using other human liver microsome preparations).1®

Metabolites were analyzed as the corresponding methylated derivatives after derivatization

with diazomethane. Atropselective analyses of PCB 91, 5-91 and 4-91 were carried out with
a ChiralDex B-DM capillary column at 135 °C.41 Atropselective analyses of 3-100 were
performed with a ChiralDex GTA capillary column at 140 °C.41
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Figure 5. Enantiomeric fractions (EFs) of 3-100 and 4-91 and 5-91 reveal only small
interindividual differencesin the enantioselective formation of OH-PCB 91 metabolites

Microsomal incubations were carried out with 50 uM racemic PCB 91, 0.1 mg/mL
microsomal protein, 1 mM NADPH for 15 min at 37 °C.15 Metabolites were analyzed as the
corresponding methylated derivatives after derivatization with diazomethane. Atropselective
analyses of 5-91 and 4-91 were carried out with a ChiralDex B-DM capillary column at

135 °C.41 Atropselective analyses of 3-100 were performed with a ChiralDex GTA capillary
column at 140 °C.#! Data are presented as mean * standard deviation, n = 3. Open symbols
indicate n = 1. nd = not detected. The dotted line indicates the EF values of the racemic

standards.
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