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Abstract

Exposure to polychlorinated biphenyls (PCBs) has been implicated in adverse human health
effects, including developmental neurotoxicity. Several neurotoxic PCBs are chiral and undergo
atropisomeric enrichment /n vivo due to atropselective metabolism by cytochrome P450 enzymes.
Here we study how the liver-specific deletion of the cytochrome P450 reductase (cpr) gene alters
the toxicokinetics of 2,2’,3,3",6,6’-hexachlorobiphenyl (PCB 136) in mice. Male and female mice
with a liver-specific deletion of ¢pr (KO) and congenic wild-type (WT) mice were exposed to a
single oral dose of racemic PCB 136 (6.63 mg/kg). Levels and chiral signatures of PCB 136 and
its hydroxylated metabolites were determined 1 to 48 h after PCB exposure in whole blood. Blood
levels of PCB 136 were typically higher in M-WT compared to F-WT mice. At the later time
points, F-KO mice had significantly higher PCB 136 levels than F-WT mice. 2,2",3",4,6,6"-
Hexachlorobiphenyl-3-ol (3-150), 2,2",3,3",6,6”-hexachlorobiphenyl-4-ol (4-136), 2,2",3,3",6,6’-
hexachlorobiphenyl-5-ol (5-136) and 4,5-dihydroxy-2,2",3,3",6,6"-hexachlorobiphenyl (4,5-136)
were detected in blood, with 5-136 and 4-136 being major metabolites. At later time points, the
sum of HO-PCB (ZHO-PCB) levels exceeded PCB 136 levels in the blood; however, higher ZHO-
PCB than PCB 136 levels were observed later in KO than WT mice. PCB 136 and its major
metabolites displayed atropisomeric enrichment in a manner that depended on the time point, sex
and genotype. Toxicokinetic analysis revealed sex and genotype-dependent differences in
toxicokinetic parameters for PCB 136 atropisomers and its metabolites. The results suggest that
mice with a liver-specific deletion of the cprgene can potentially be used to assess how an altered
metabolism of neurotoxic PCB congeners affects neurotoxic outcomes following exposure of the
offspring to PCBs via the maternal diet.
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INTRODUCTION

PCB:s are persistent organic pollutants listed on the Substance Priority List of the United
States Agency for Toxic Substances and Disease Registry.1 Chemicals on this list represent a
significant human health concern and are commonly found at Superfund hazardous waste
sites. The production of PCBs is banned globally under the Stockholm Convention; however,
PCBs can be used until 2025 in enclosed applications, but need to be eliminated by 2028.2
Besides, PCBs are formed as industrial byproducts and, as a consequence, are present in
consumer products, including paints and polymer resins.3-> The production and widespread
use of PCBs has resulted in ubiquitous global contamination of water, soil, plants, wildlife
and humans.®7 PCBs are not only present in the diet,8-19 but also in outdoor air and indoor
air of schools,11-16 thus raising concerns about both dietary and inhalation exposures to
these compounds.16-18

Epidemiological findings consistently demonstrate an association between developmental
exposure to environmental PCBs and deficits in measures of neurophysiological function in
infancy and childhood.1®-21 In animal studies, both technical PCB mixtures and individual
PCB congeners cause adverse neurotoxic outcomes following developmental PCB exposure
of the offspring via the diet of the dam.22-24 |t is noteworthy that PCB congeners with
multiple ortho chlorine substituents recapitulate the developmental neurotoxicity of
technical PCB mixtures, such as Aroclor 1254,22:23 an observation that implicates these
congeners in PCBs’ developmental neurotoxicity. Several mechanisms are proposed to
mediate PCB developmental neurotoxicity, including altered calcium homeostasis in the
developing brain.25 Ryanodine receptor (RyR)-dependent modulation of calcium signaling
pathways has emerged as a key mechanism by which PCB congeners with multiple ortho
substituents affect neural connectivity in rodent models.22:26

PCB 136 is an environmentally relevant PCB congener that displays axial chirality due to
the hindered rotation around the phenyl-phenyl bond.2” Like structurally related PCB
congeners, PCB 136 is readily absorbed by passive diffusion from the gastrointestinal tract?’
and metabolized by cytochrome P450 enzymes in the liver and, possibly, other organs to
hydroxylated metabolites (OH-PCBs; Figure 1).13:27 Animal studies suggest that both
mono- and dihydroxylated metabolites of PCB 136 are present in the postnatal mouse brain
following developmental exposure via the maternal diet.28 Importantly, levels of OH-PCB
136 metabolites in the postnatal brain are comparable to the levels of the parent compound.
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Analogous to the parent PCBs, OH-PCB metabolites, including metabolites of PCB 136,
also alter cellular calcium signaling by activating RyRs.2%:30 Exposure of postnatal mice to
PCB 136 via the maternal diet changes the expression of neural plasticity and thyroid
hormone-responsive genes /in vivo. Taken together, these observations raise the question if
the atropselective oxidation of PCB136 and structurally related PCB congeners plays a role
in their developmental neurotoxicity;28 however, studies linking the metabolic activation of
PCBs to neurotoxic outcomes have not been reported in the literature to-date.

Transgenic animal models with altered metabolism of neurotoxic PCBs congeners can
potentially be used to study the role of hepatic metabolism in PCB developmental
neurotoxicity. KO mice with a liver-specific deletion of the cytochrome P450 oxidoreductase
(cpn) gene are one mouse model that is of particular interest in this context. KO mice have an
impaired hepatic metabolism because CPR, the required electron donor for microsomal
cytochrome P450 enzymes, is not expressed in the liver.31:32 A preliminary study
demonstrated that the disposition of PCB 136 and its metabolites is significantly altered in
female KO (F-KO) compared to congenic female wild-type mice (F-WT).33 The present
study provides an in-depth investigation of the toxicokinetics of PCB 136 and its major
hydroxylated metabolites (OH-PCBs) in male and female KO vs. WT mice to explore if
CPR-null mice can be used for studies linking PCB metabolism to neurotoxic outcomes
following developmental exposure via the dam.

EXPERIMENTAL PROCEDURES

Chemicals.

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, internal standard) were purchased from Accustandard (New Haven, CT, USA).
2,2°,3,3’,6,6’-Hexachlorobiphenyl (PCB 136) and analytical standards of the corresponding
hydroxylated PCB metabolites, 2,2’,3",4,6,6’-hexachlorobiphenyl-3-ol (3-150), 2,2’,3,3’,
6,6’-hexachloro-biphenyl-4-ol (4-136), 2,2’,3,3’,6,6’-hexachlorobiphenyl-5-ol (5-136), and
4,5-dimethoxy-2,2’,3,3’,6,6’-hexachlorobiphenyl (4,5-136) were prepared as described
elsewhere.34:35 The chemical structure and corresponding abbreviations are shown in Figure
1. Diazomethane for the derivatization of hydroxylated PCBs to methoxylated PCBs was
synthesized from A~methyl- A-nitroso-p-tolulenesulfonamide (Diazald) using an Aldrich
mini Diazald apparatus (Milwaukee, WI, USA).36

Mouse model maintenance and characterization.

Alb-Cre*/=/Cprlo**/* mice with a liver-specific deletion of the cytochrome P450
oxidoreductase (EC 1.6.2.4) gene (knockout, KO) and congenic Alb-Cre™~/Cprlox*/* mice
(wildtype, WT) were obtained from Dr. Xinxin Ding (University of Arizona, AZ, USA) to
establish a breeding colony at the University of lowa.31:32 The animal colony was
maintained as described.33 As reported previously, KO mice do not display any CPR activity
in the liver, as shown previously in animals from the same colony, and have a fatty liver
compared to WT mice.33 For this study, animals were housed in standard plastic cages in a
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temperature controlled room (22 + 2 °C) with a 12 h light-dark cycle. Basal diet (Harlan
7913 with 18% protein, 6% fat, and 5% fiber) and water were provided ad /ibitum.33

Animal exposure.

The Institutional Animal Care and Use Committee of the University of lowa approved all
animal procedures (protocol #: 1206120). Daily animal welfare-assessments were performed
by laboratory personnel, and no adverse outcomes were observed throughout the study. The
eight-week (8 weeks + 2 days) old animals were randomly divided into exposure and control
group, the exposure group mice were dosed with PCB 136 (6.63 mg/kg body weight; 18.4
umol/kg body weight) in corn oil (10 mL corn oil/kg body weight) by oral gavage. This dose
was selected based on several studies of PCB developmental neurotoxicity that used an
equimolar dose of PCB 95 (18.4 umol/kg body weight),22:37 a PCB congener that, based on
its binding to RyR1,38 has a similar relative neurotoxic potency as PCB 136.39 A control
group of age-matched mice was dosed with corn oil alone (10 mL corn oil/kg body weight).
The animals were euthanized 1, 3, 5, 7, 16, 24 and 48 hours after PCB exposure by
asphyxiation with carbon dioxide. Blood was collected by cardiac puncture and stored at
glass tubes with 80 pL of ethylenediaminetetraacetic acid solution (EDTA, 7.5% w/w) at
-20 °C. Differences in the liver and other tissues weights of wildtype vs. knockout mice are
consistent with previous reports (Tables S1 and S2).33

Extraction of PCB 136 and its metabolites from whole blood.

PCB 136 and its hydroxylated metabolites were extracted with a liquid-liquid extraction
method.#041 Briefly, surrogate recovery standards (100 ng of PCB 117, and 68.5 ng of 4’-
OH PCB 159) were added to each sample, followed by hydrochloric acid (6 M, 1 mL) and 5
mL of 2-propanol. After vortexing for 1 min, the samples were extracted with 5 mL of
hexane-methyl #butyl ether (1:1, v/v) and 3 mL of hexane. The combined organic extracts
were washed with an aqueous potassium chloride solution (1%, 3 mL). The organic phase
was transferred to a new vial, and the aqueous phase was reextracted with 3 mL of hexane.
The solvent was evaporated to almost dryness under a gentle stream of nitrogen. The residue
was re-dissolved in 2 mL of hexane, and the hydroxylated PCB metabolites were derivatized
with 0.5 mL of diazomethane for 16 hours as described previously.33:35 After derivatization,
extracts were subjected to tetrabutylammonium hydrogen sulfate/sodium sulfite and
concentrated sulfuric acid clean-up steps before analysis.33:42

Gas chromatographic determinations.

Levels of PCB 136 and its hydroxylated metabolites (as methylated derivatives) were
determined using an Agilent 6890N gas chromatograph with a 53Ni-ZECD detector and a
SPB-1 capillary column (60 m length, 250 um inner diameter, 0.25 pum film thickness,
Supelco, St Louis, MO, USA). The following temperature program was used: Hold at

100 °C for 1 min, 5 °C /min to 250 °C and hold at 250 °C for 20 min, 5 °C /min to 280 °C
and hold at 280 °C for 3 min. The injector and detector temperatures were 280 °C and

300 °C separately, and the helium flow rate was 1.0 mL/min.*3 Levels of PCB 136 and its
metabolites were determined using PCB 204 as internal standard (volume corrector) as
described.33 Raw data for individual animals, average PCB and PCB metabolite levels, and
PCBs and OH-PCB levels expressed as mol percent are presented in Datasheets D1-D6.
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All enantioselective analyses were performed by headspace solid-phase microextraction
(SPME) with a 100 um polydimethylsiloxane (PDMS) on fused silica fiber (Supelco,
Bellefonte, PA, USA) as reported previously.*4 In brief, samples were placed in a glass vial,
the solvent was evaporated under a gentle stream of nitrogen, and the head-space was
sampled with a 100 um PDMS fiber (Supelco, Bellefonte, PA, USA) for 60 min at 60 °C,
followed by desorption in the injector for 5 min. Atropisomeric analyses of PCB 136 were
performed with all samples using an Agilent 7890A gas chromatograph with a 83Ni-ZECD
detector and a Chiralsil-Dex (CD column, 25 m length, 250 um inner diameter, 0.25 um film
thickness; Varian, Palo Alto, CA, USA) following a published method with minor
modifications.3341 The temperature program for atropselective analyses of PCB 136 was:
50 °C, hold at 50 °C for 5 min, 30 °C/min to 90 °C, 30 °C/min to 155 °C and hold for 79
min, 50 °C/min to 225 °C and hold for 15 min.

Enantiomeric fractions of 5-136 and 4-136 were only determined for the 5 h time point
because levels of both metabolites were sufficiently high for the atropselective analysis.
Atropisomers of 5-136 were separated using a CD column with the following temperature
program: 50 °C, hold at 50 °C for 5 min, 15 °C/min to 140 °C and hold for 820 min,

15 °C/min to 225 °C and hold for 10 min. The atropisomers of 4-136 were separated on a
CycloSil-B column (CB column, 30 m x 250 um ID x 0.25 um film; Agilent, Santa Clara,
CA, USA) with the following temperature program: 50 °C, hold at 50 °C for 5 min,

15 °C/min to 160 °C and hold for 340 min, 15 °C/min to 200 °C and hold for 10 min. The
injector and detector temperatures were 250 °C for all enantioselective analyses, with a
constant helium flow rate of 3.0 mL/min.

Consistent with our earlier studies, the atropisomers of the dihydroxylated metabolite, 4,5-
136, did not resolve on either atropselective column.33:35 To allow a comparison with earlier
studies, 35404143 enantiomeric fractions (EFs) were determined as EF = Area E»/(Area
E,+Area E,), where Area E; and Area E; are the peak areas of the first and second eluting
atropisomers, respectively. On both the CD and CB column, the E;-and Ej-atropisomers of
PCB 136 correspond to (-)- and (+)-PCB 136, respectively.334546 The E;- and E,-
atropisomers of 5-136 and 4-136 are formed from (-)- and (+)-PCB 136, respectively.33:41

Quality Assurance/Quality Control.—The 83Ni-.ECDs used for the PCB and HO-PCB
analysis were linear up to a concentration of 1000 ng/mL for all analytes investigated (/2 >
0.999). The detailed summary of the limits of detection, limits of quantification, and
background levels of PCB 136 and its metabolites is presented in the supporting material
(Table S3). The recoveries of PCB 117 and 4’-159 were 97 + 9% (range: 78 — 115) and 87
+ 9% (range: 70 — 118) respectively. The resolution of PCB 136, 5-136 and 4-136 were
0.95 + 0.05 (CD column), 0.85 + 0.10 (CD column) and 0.88 + 0.11 (CB column),
respectively. EF values for the racemic standards of PCB 136 on CD column, 5-136 on CD
column, and 4-136 on CB column were 0.501 + 0.003 (n = 11), 0.500 + 0.003 (n = 3), 0.500
+0.003 (n = 3), respectively.
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Estimation of toxicokinetic parameters.

All toxicokinetic parameters and their variability were determined by Monte Carlo (MC)
simulations and are summarized in Table S4. Briefly, MC bootstrap data sampling was done
for each of the 24 exposure groups (i.e., six timepoints x wildtype and knockout mice x
male and female mice), except for male and female KO mice for which the majority of the
4-136 data were below or near the limit of detection. A total of 100,000 simulations were
done for each such group to estimate the expected population toxicokinetic parameter values
and their variability (SD) for the group. Although it may be tempting to judge possible
differences in parameter values between groups based on means and SDs, this is not a
reliable method, especially when dealing with asymmetrical parameter distributions, which
is commonly encountered in toxicokinetic studies. The preferred method is the use of
quantile intervals in the MC simulations as done in the significance testing in this study.

The following toxicokinetic parameters were determined and are summarized in Table S4:
Cmax: the maximum concentration determined from a single administration, Tyax, the time
when Cpay is reached; t1, the terminal half-life; CI/F, bioavailability normalized clearance;
this parameter can only be determined for the parent compound and depends both on the
elimination of the compound, 7.e,, the clearance (Cl), and the bioavailability (F) resulting
from the given route of administration; AUC24, a measure of a single exposure to the
compound over a 24 hour period, was determined as the area under the concentration vs.
time curve in the interval from zero to 24 hours resulting from a single dose given at time
zero; AUC24ss, a measure of the exposure to the compound over a 24 hour period at steady
state, was determined as the area under the concentration vs. time curve at steady state in the
interval from zero to 24 hours resulting from a single dose given repeatedly every 24 hours;
SSa [SSa = (AUC24ss — AUC24)/AUC24] is the “steady state degree of accumulation” (i.e.,
the extent of accumulation of the compound in a given tissue) determined from the estimated
expectation of individual simulation outcomes. SSa is not calculated from the summary
parameter given for AUC24ss and AUC24 because such calculation tends to produce a
biased value for SSa. Multiplying SSa by 100, as reported in Table S4, is the expected
percent increase in AUC24 in going from single dosing and reaching a steady state when
dosing is done repeatedly at 24 h intervals.

Statistical Analyses.—If not stated otherwise, PCB 136 and metabolites data are
reported as mean + standard deviation. Differences in body weights, tissue weights, and EF
values were tested with the SAS GLM procedure. These statistical analyses were performed
using SAS software.4’ Differences between exposure groups were considered statistically
different at p < 0.05.

Possible significant difference in toxicokinetic parameters between groups were investigated
for the following four pairs: male WT (M-WT) vs. F-WT, male KO (M-KO) vs. F-KO, M-
KO vs. M-WT, and F-KO vs. F-WT (Table S4) and was done by bootstrap MC sampling the
difference in each toxicokinetic parameter between the groups. Significance was determined
by comparing the value of the estimated population difference to the (a/2)100% to (1- a/
2)100% quantile interval determined by the MC simulation with a significance level a of
0.05.
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RESULTS AND DISCUSSION

Comparison of PCB 136 levels in whole blood.

PCB 136 was detected in whole blood collected at all time points investigated. No
significant differences in PCB 136 levels by genotype or sex were observed 5 h after oral
exposure to racemic PCB 136 (Figure 2). However, blood levels of PCB 136 were typically
higher in M-WT compared to F-WT mice, a difference that was statistically significant at the
1, 7, 16 and 48 h time points (Datasheet D5). At the later time points, F-KO mice had
significantly higher PCB 136 levels than F-WT mice. In an earlier disposition study in the
same mouse models, PCB 136 levels in whole blood, as well as adipose tissue, brain liver
and feces, were also significantly higher in F-KO compared to F-WT mice, despite the
different sampling time point (3 days following exposure) and the higher dose of PCB 136
(30 mg/kg body weight).33 No significant differences were observed between M-KO and F-
KO mice and, with exception of the 1 h time point, M-WT and M-KO mice.

Comparison of OH-PCB levels in whole blood.

Because PCB 136 is oxidized by hepatic and extrahepatic mammalian cytochrome P450
enzymes to potentially toxic mono and dihydroxylated metabolites (reviewed in*8:49; see
Figure 1 for a simplified metabolism scheme), we also measured levels of OH-PCB
metabolites. As we suggested previously, extrahepatic metabolism is the likely explanation
for the formation of OH-PCB metabolites in KO mice.33 In earlier disposition studies of
PCB 136, both following acute and subchronic oral exposure to PCB 136, OH-PCB levels
are frequently lower or at least comparable to PCB 136 levels at the time points and PCB
136 doses investigated.28:33 In the present study, PCB 136 levels, expressed as the molar
percentage, were initially higher compared to the sum of (di)OH-PCB metabolites (XOH-
PCBs) in all exposure groups (Figure 3). At the later time points, the HO-PCBs exceeded
the amount of PCB 136 present in the blood. This change in ZHO-PCB vs. PCB 136 levels
occurred much later in the M-KO and F-KO mice compared to the congenic WT mice. The
observation that the PCB to PCB metabolite ratios in blood differ between KO and WT mice
is caused by several factors, including an impaired hepatic oxidation of PCB 136 to OH-
PCBs:33 compensatory changes in the expression of drug metabolizing organs in the liver
and other tissues;>9 and a sequestration of the parent PCB in the fatty liver in KO mice33 due
to the liver-specific deletion of the cprgene. As a consequence, the profile of PCB 136 vs.
OH-PCB:s is expected to differ over time not only in blood but also other target organs
depending on the genotype, which in turn may affect toxic outcomes.

In all four exposure groups, 3-150, 5-136, 4-136 and 4,5-136 were detected in whole blood
collected at the 5 h time point (Figure 2), whereas several metabolites, in particular, 3-150 in
KO mice, were below the detection limit at earlier and/or later time point (for details, see the
supporting information). The same four metabolites have been detected in earlier /n vitro
studies using mouse liver microsomes or precision-cut liver tissue slices.28:33.40 The 1,2-
shift product, 3-150, was a minor metabolite detected in whole blood. This metabolite was
also detected in earlier studies in the liver, but not blood of WT and KO mice exposed orally
to PCB 136.28:33 Liver microsomes obtained from male C57BL/6 mice formed PCB 136
metabolites in a rank order of 5-136 > 4-136 > 4,5-136. The 1,2-shift product was not
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detected in this /n vitro study.*0 5-136, 4-136 and 4,5-136 were also detected in whole
blood from F-WT and F-KO mice collected 3 days following oral exposure to racemic PCB
136 (30 mg/kg body weight).33 In a different study, all four PCB 136 metabolites were
present in whole blood and tissues, including the brain, from mice exposed throughout
gestation and lactation to PCB 136 via the maternal diet.28 It is important to note that 5-136
is the major metabolite of PCB 136 formed in mice; however, this metabolite is efficiently
excreted with the feces.33

OH-PCB levels were typically higher in WT compared to KO mice, both for male and
female mice (Figures 2, Datasheet D5). For example, these differences between WT and KO
mice were statistically significant for 3-150 and 4,5-136 in male mice and 3-150, 5-136, 4—
136 and 4,5-136 in female mice at the 5 h time point. Levels of 4,5-136, a potentially
redox-active metabolite,51:52 were significantly higher in M-WT compare to M-KO mice at
all time points, with the 24 h time point being the only exception (Datasheet D5).
Differences in the levels of 4,5-136 in F-WT compared to F-KO mice were less pronounced
and reached statistical significance only at earlier time points. In contrast to male mice,
levels of 4,5-136 were not significantly different in F-WT vs. F-KO mice at the 48 h time
point. Similarly, no significant differences in blood levels of these OH-PCBs were observed
between WT and KO mice in our prior study.33 This observation is not surprising because,
as shown in Figure 3, the molar ratios of Y OH-PCBs to PCB 136 change over time
following an acute oral administration of PCB 136 and depend on the genotype and sex.

Atropisomeric enrichment of PCB 136 in whole blood.

The direction and extent of the atropisomeric enrichment of PCB 136 were determined using
enantioselective gas chromatography (Figures 4 to 6). Eo-(+)-PCB 136 was enriched in all
samples (Figure 4A). EF values were significantly different from the racemic standard at all
time points (t-test, p < 0.05). The observation that E,-(+)-PCB 136 is enriched in mice is
consistent with other disposition studies reporting the atropisomeric enrichment of PCB 136
in blood samples from mice exposed to racemic PCB 136 alone?8:53:54 or a PCB mixture
containing racemic PCB 136.5%:56 The enrichment of E,-(+)-PCB 136 in this and earlier
studies is consistent with a preferential metabolism of E1-(=)-PCB 136 by hepatic
cytochrome P450 enzymes, as observed in Jn vitro metabolism studies.>” It is important to
note that the direction of the atropisomeric enrichment of PCB 136 in mice is significantly
different from the enrichment observed in other species, including rats*%41 and humans.4°
For example, E1-5-136 and E;-4-136 were enriched in incubations with mouse liver
microsomes, whereas E,-5-136 and E»-4-136 were enriched in other species.4041

EF values increased in the 48 hours following exposure to racemic PCB 136, irrespective of
sex and genotype (Figure 5; Table S6). The extent of the atropisomeric enrichment of (+)-
PCB 136 was more pronounced in WT compared to KO mice for both male and female
mice, and EF values were typically significantly higher in WT compared to KO mice for the
3 h'to 24 h time points. EF values at the 48 h time point ranged from 0.75 + 0.02 (M-WT) to
0.78 £ 0.01 (F-WT), and no significant differences between exposure groups were observed
at the 48 h time point. For comparison, EF values of PCB 136 were 0.63 £ 0.06 in F-WT
mice and 0.66 + 0.03 in M-WT mice in our prior study with the same mouse model.33
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Because the extent of the atropisomeric enrichment decreases with increasing dose,>* the
modest differences in the EF values between this and our earlier study are likely due to the
higher dose in the earlier study (i.e., 6.63 mg/kg body weight vs. 30 mg/kg body weight).

The metabolism of both PCB 136 atropisomers occurs at a lower rate in KO mice due to the
impaired hepatic metabolism, thus contributing to the less pronounced atropisomeric
enrichment of PCB 136 at the 3 h to 24 h time points (Figure 5). Also, KO animals have a
fatty liver due to the deletion of the CPR.33 As suggested by earlier animal studies, 3358-60
fatty liver results in a distribution of parent PCB 136 away from the sites of PCB metabolism
due to hepatic sequestration. Similarly, we have suggested that the less pronounced
atropisomeric enrichment of (+)-PCB 136 in mice exposed to racemic PCB 136 by
intraperitoneal injection compared to oral gavage is due to the sequestration of the PCBs in
the peritoneal cavity following intraperitoneal administration.42

The observation that PCB 136 undergoes species-dependent atropisomeric enrichment has
implications for the selection of animal models for toxicity studies with PCB 136. Several
reports demonstrate that chiral PCBs have atropselective interaction with hepatic
cytochrome P450 enzymes,®! atropselectively affect the expression of xenobiotic processing
genes in the liver,62:63 and atropselective metabolism of PCBs to OH-PCBs.1348 Moreover,
pure PCB atropisomers differentially affect endpoints implicated in the neurodevelopmental
toxicity of PCBs.62:64.65 For example, E;-(-)-PCB 136, but not E,-(+)-PCB 136
atropselectively alters morphometric and functional parameters of neuronal connectivity in
cultured rat hippocampal neurons. These atropselective effects are mediated by the
ryanodine receptor,56:67 an intracellular calcium channel that has been implicated in the
mode of action of PCB-induced developmental neurotoxicity.2> Several other chiral PCB
congeners also affect endpoints implicated in PCB-mediated neurotoxicity in an
atropselective manner.54.65

Atropisomeric enrichment of PCB 136 metabolites in whole blood.

The direction and extent of the atropisomeric enrichment of two metabolites, 4-136 and 5—
136, were determined at the 5 h time point only. The atropisomer of 4-136 eluting second on
the CB column (E»-4-136) and the atropisomer of 5-135 eluting first on the CD column
(E1-5-136) were enriched in whole blood from all exposure groups (Figure 4; Table S5).
The same direction of atropisomeric enrichment was observed for both PCB 136 metabolites
in our earlier study in the same mouse model.33 E;-5-136 is also formed preferentially in
metabolism studies with racemic PCB 136 in mouse liver microsomes and precision cut liver
tissue slices. In contrast, E;1-4-136 was formed preferentially in the /n vitro model systems,
an observation that suggests that the atropisomeric enrichment of chiral OH-PCB
metabolites /n7 vivois determined by more complex metabolic processes, including further
metabolism to dihydroxylated PCBs, PCB sulfates, PCB glucuronides, PCB glutathione
conjugates, and other metabolites.13

More pronounced atropisomeric enrichment was observed at 5 h post exposure for 4-136
and 5-135 in WT compared to KO mice; however, this difference reached statistical
significance only in female mice (Figure 6B and 6C). Similarly, F-WT displayed a
significantly more pronounced atropisomeric enrichment of E,-4-136 compared to F-KO
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mice in our previous study.33 This observation is consistent with an impaired hepatic
metabolism in KO mice; however, atropselective conjugation of the OH-PCBs to sulfate or
glucuronide metabolites may also contribute to the EF values observed in KO vs. WT mice.
21 |n contrast to the 5 h time point investigated in this study, 5-136 appeared to be near
racemic in F-WT mice (EF = 0.47) compared to F-KO mice (EF = 0.31) 72 h after PCB 136
exposure.33 As discussed above, the difference in the enrichment of 5-136 atropisomers
between both studies may be due to the different time points or the different PCB 136 doses
investigated.

Toxicokinetic parameters of PCB 136 and its metabolites in whole blood.

To gain additional insights into the disposition of PCB 136 atropisomers and its metabolites
in KO vs. WT mice, several toxicokinetic parameters were determined with Monte Carlo
simulations. Several parameters, including Cpax, AUC24, AUC24ss, and SSa, showed
differences depending on genotype and sex (Figure 7). Other parameters, such as Tax and,
surprisingly, t1/> showed no statistically significant differences (Figure S1). The lack of a
significant difference in ty/» for both PCB 136 atropisomers is surprising because of the
pronounced atropisomeric enrichment of (+)-PCB 136. However, an earlier toxicokinetics
study also observed no significant difference in the terminal half-life of first vs. second
elution PCB atropisomers in mice exposed to an environmental mixture of eight chiral PCB
congeners.® These observations indicate that the experimental error of the ty/
determination for both PCB 136 atropisomers is relatively large, most likely because of the
destructive sampling approach used in both studies.

The maximum concentration, Cpax, for both PCB 136 atropisomers and two metabolites, 5—-
136 and 4,5-136, were higher in M-WT and F-WT mice compared to the respective KO
mice. This difference reached statistical significance only for 4,5-136 in M-WT vs. M-KO
mice (Figure 7A). The higher Cyax Values for PCB 136 atropisomers in WT mice may be
due to the higher fat content of the liver of KO compared to WT mice,31:33 which results in
the hepatic sequestration of the PCB 136 and reduces the quantity of PCB 136 that reaches
the systemic circulation in KO mice. We also noted small sex differences in Cyax 0f 4-136
and 5-136; however, these differences did not reach statistical significance (Table S4). Cinax
was higher for (+)-136 than (-)-PCB 136 in all four exposure groups, which is consistent
with the enrichment of (+)-PCB 136 in this and other studies;®8:6% however, this difference
was not statistically significant. Tpax, the time to reach Cyax, Was longer for 4-136 and 4,5—
136 compared to the PCB 136 atropisomers and 5-136. The later observation is not
surprising because 4,5-136 is likely formed by oxidation of 5-136 and 4-136, as suggested
by in vitro metabolism studies with other OH-PCBs.34:61.70

The AUC24 and AUC24ss for both PCB 136 atropisomers and two of its metabolites, 5-136
and 4,5-136, were higher in M-WT vs. M-KO mice (Figure 7C and 7D, respectively; Table
S4). This difference reached statistical significance for (+)-PCB 136, 5-136 and 4,5-136 for
AUC?24 and 5-136 and 4,5-136 for AUC24ss. Similarly, the AUC24 for these three
compounds were higher in F-WT vs. F-KO mice; however, this difference reached statistical
significance only for 4,5-136. In contrast, no significant differences in the AUC24ss were
observed when comparing F-KO and F-WT mice. In addition to differences by genotype, we
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observed some differences in both toxicokinetic parameters by sex. Briefly, the AUC24ss for
PCB 136 and 4,5-136 was significantly higher in M-WT vs. F-WT mice. The opposite trend
was observed for PCB 136, 5-136 and 4,5-136 in KO, with AUC24ss values being lower in
M-KO vs. F-KO mice. This difference reached statistical significance for 5-136. The sex
and genotype-dependent differences in AUC24 and AUC24ss are consistent with the
differences in the molar percentages of Y OH-PCBs and PCB 136 discussed above (Figure
3).

The steady-state degree of accumulation, SSa, was determined to assess the extent of
accumulation of PCB 136 and its hydroxylated metabolites in the blood (Figures 7G and
7H). 4-136 in male and female mice and 4,5-136 in male mice displayed a higher degree of
accumulation in blood under steadystate conditions compared to both PCB 136 atropisomers
and 5-136. This observation is not entirely surprising because some para hydroxylated PCB
metabolites are typically more persistent in mammals, including humans,’! whereas meta
hydroxylated metabolites, such as 5-136, are more readily excreted in mice.33 In addition to
these metabolite specific differences, the SSa displayed differences depending on the
genotype and sex. Briefly, the SSa for PCB 136, 5-136, and 4,5-136 was higher in M-KO
and F-KO mice compared to the corresponding WT mice. This difference reached statistical
significance for both PCB 136 atropisomers and 5-136 in female mice (Table S4).
Moreover, M-KO mice displayed a higher degree of accumulation of PCB 136, 5-136 and
4,5-136 compared to F-KO mice. The SSa values for PCB 136 and its metabolites were
lower in F-WT mice compared to M-WT mice.

These findings demonstrate that the liver-specific deletion of the corgene affects levels and
the atropisomeric enrichment of PCB 136 in a sex and genotype-dependent manner and
alters the profiles and chiral signatures of OH-PCB 136 metabolites over time, both after a
single acute exposure or at steady state. These differences in blood profiles, levels, and chiral
signatures are expected to translate into differences in the toxicokinetics and, ultimately,
toxicodynamics, in target organs from KO vs. WT mice. As discussed above, several
changes resulting from the liver-specific deletion of the corgene likely contribute to the
differences in the toxicokinetics of PCB 136 and its metabolites in KO compared to WT
mice. These changes include an impaired hepatic oxidation of PCB 136 to OH-PCBs;
compensatory changes in the expression of other drug metabolizing enzymes in the liver and
other organs; and the increased fat content in the liver. Although multiple factors contribute
to the altered disposition of PCB 136 and its metabolites in KO compared WT mice, mice
with a liver-specific deletion of the corgene are one mouse model that could be used to
assess how impaired hepatic metabolism affect neurotoxic outcomes in mice exposed
throughout development to PCBs. Thus, KO mice with a liver-specific deletion of the cpr
gene are a relevant model for toxicity studies of PCBs and their metabolites.
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ABBREVIATIONS

PCB polychlorinated biphenyls

cpr cytochrome P450 reductase

CD column Chiralsil-Dex CB column

CB column Cylcosil-B column

PCB 136 2,2', 3,3,6,6'-hexachlorobiphenyl

KO knockout

WT wild type

EF enantiomeric fraction

3-150 2,2",3",4,6,6”-hexachlorobiphenyl-3-ol

4-136 2,2",3,37,6,6"-hexachlorobiphenyl-4-ol

5-136 2,2",3,3",6,6"-hexachlorobiphenyl-5-ol

4,5-136 4,5-dihydroxy-2,2",3,3",6,6"-hexachlorobipheny!
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Figure 1.
PCB 136 is metabolized to mono- and dihydroxylated metabolites by cytochrome P450

(P450) enzymes. Microsomal P450 enzymes require CPR as the electron donor for oxidation
reactions. CPR is not expressed in the liver of KO mice.
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Figure 2.
Comparison of levels of PCB 136 and its hydroxylated metabolites between KO and WT

mice in whole blood from (a) male and (b) female mice collected 5 h after oral exposure to
racemic PCB 136 (M-KO, n = 6; M-WT, n = 6; F-KO, n =5, F-WT, n = 5). Significant
difference from KO; *** p < 0.001; ** p < 0.01. Values are presented as mean + standard
deviation.
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The molar percentage of PCB 136 and the sum of hydroxylated metabolites, XHO-PCBs,
changed over exposure time in whole blood from (A) male KO (M-KO), (B) male wildtype
(M-WT), (C) female KO (F-KO), (D) female wildtype (F-WT) mice. The dotted lines are
trendlines added to visualize the change of the molar percentage of PCB 136 vs. ZHO-PCBs
in mouse blood over time. The molar percentages of PCBs and OH-PCBs were calculated
from the sum of the PCB and OH-PCB levels in the whole blood from each animal and
subsequently averaged for all animals within the exposure group.
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Figure 4.

Representative gas chromatograms showing the atropisomeric enrichment of (A) E,-PCB
136, (B) E»-4-136 and (C) E;-5-136 in whole blood from a female wild-type (F-WT) mice.
Gas chromatograms of racemic standards of (D) PCB 136, (E) 4-136 and (F) 5-136 are
shown for comparison. Whole blood was collected from mice 5 h after oral exposure
racemic PCB 136. Extracts were analyzed on CD (PCB 136 and 5-136) and CB (4-136)
capillary columns as described under Experimental Procedures. The x- and y-axis show the
relative retention times of the atropisomers on the respective chiral column and the relative
response of the 53Ni-,ECD detector used for the atropselective analyses, respectively.
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Figure 5.
The enantiomeric fraction (EF) of PCB 136 in whole blood from (A) male KO (M-KO) and

male WT (M-WT), and (B) female KO (F-KO), and female WT (F-WT) mice increased over
time, with (+)-PCB 136 being enriched in all exposure groups at all time points. Animals
were euthanized 1 to 48 h following oral exposure to racemic PCB 136 (n = 3 to 6), PCB
136 was extracted from whole blood, and enantiomeric fractions were determined using a
CD column (see Experimental Procedures). EF values were calculated based on the equation
EF = Area E,/(Area E;+Area E)) and are presented as the mean + standard deviation. For a
summary of the EF values, see Table S6. *: Significant difference from M-WT (p < 0.05), #:
Significant difference from F-WT (p < 0.05). All EF values were significantly different from
the EF values of the racemic PCB 136 standard (EF = 0.501 + 0.003, n = 11).
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Figure 6.
Comparison of enantiomeric fractions (EFs) of (a) PCB 136, (b) 4-136 and (c) 5-136 in

whole blood from male and female KO and WT mice exposed to racemic PCB 136. Whole
blood was collected 5 h after oral exposure to racemic PCB 136 (n = 3-6). Extracts were
analyzed on CD (PCB 136 and 5-136) and CB (4-136) capillary columns as described
under Experimental Procedures. EF values were calculated based on the equation EF = Area
E,/(Area E;+Area Ey) and are presented as the mean + standard deviation. For a summary of
the EF values, see Table S5. *: F-KO is significantly different from F-WT (p < 0.05), #: M-
KO is significantly different from F-KO (p < 0.05). All EF values were significantly
different from the EF values of the racemic PCB 136 (EF = 0.501 + 0.003, n = 11), 4-136
(EF =0.500 + 0.003, n = 3) and 5-136 (EF = 0.500 + 0.003, n = 3) standards.
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Figure 7.
Comparison of toxicokinetic parameters of PCB 136 and its metabolites in whole blood

from KO vs. WT mice orally exposed to racemic PCB 136, including the maximum
concentration determined from a single administration, Cp,y, 0of (A) male and (B) female
mice; the area under the concentration vs. time curve in the interval from zero to 24 hours
resulting from a single dose given at time zero, AUC24, of (C) male and (D) female mice;
the area under the concentration vs. time curve at steady state (SS) in the interval from zero
to 24 hours resulting from a single dose given repeatedly every 24 hours, AUC24ss, of (E)
male and (F) female mice; the steady state degree of accumulation, SSa, of (G) male and (H)
female mice; *Significant difference between the compared pairs (p < 0.05). For a detailed
summary of the toxicokinetic parameters, see Table S4.
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