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ABSTRACT: Chiral PCBs, such as PCB 95, are developmental
neurotoxicants that undergo atropisomeric enrichment in
nonpregnant adult mice. Because pregnancy is associated with
changes in hepatic cytochrome P450 enzyme activity as well as
lipid disposition and metabolism, this study investigates the
effect of pregnancy on the maternal disposition of chiral PCBs.
Female C57BL/6 mice (8 weeks old) were dosed daily
beginning 2 weeks prior to conception and continuing
throughout gestation and lactation (56 days total) with racemic
PCB 95 (0, 0.1, 1.0, or 6.0 mg/kg body wt/day) in peanut
butter. Levels and chiral signatures of PCB 95 and its
hydroxylated metabolites (OH-PCBs) were determined in
adipose, blood, brain, and liver. Tissue levels of PCB 95
increased 4- to 12-fold with increasing dose, with considerable
enrichment of the second eluting atropisomer in all tissues (EF range 0.11 to 0.26). OH-PCBs displayed atropisomeric
enrichment in blood and liver but were not detected in adipose and brain. Levels of PCB 95 and its metabolites were 2- to 11-
fold lower in pregnant dams relative to those previously reported in nonpregnant age-matched female mice; however, PCB 95
and OH-PCB profiles and chiral signatures were similar between both studies. In contrast, human brain samples contained
racemic PCB 95 residues (EF = 0.50). These results demonstrate that changes in cytochrome P450 enzyme activity and lipid
disposition during pregnancy reduce the PCB body burden in dams but do not affect metabolite profiles or chiral signatures. The
differences in chiral signatures between mice and humans suggest species-specific differences in atropisomeric disposition, the
toxicological significance of which remains to be determined.

■ INTRODUCTION

Polychlorinated biphenyls (PCBs) are persistent organic
pollutants that remain a public health concern because of
their ongoing, inadvertent production, their environmental
persistence, and their presence in human tissues. Humans are
exposed to PCBs via the diet1,2 or dermally in occupational
settings.3 A growing number of studies suggest that inhalation
also represents an important route of PCB exposure, especially
to lower chlorinated PCBs and PCB congeners with multiple
ortho chlorine substituents.1,4,5 For example, 2,3,6-substituted
PCB congeners are present at relatively high concentrations in
indoor air in some U.S. schools,6 and biomonitoring studies
detected higher levels of 2,5 and 2,3,6-substituted PCB
congeners in school-aged children compared to those in the
general U.S. population.7 Higher levels of PCB 95, a 2,3,6-
substituted PCB congener, have also been observed in
postmortem brain samples from individuals with a genetic
neurodevelopmental disorder compared to those in neuro-

typical controls.8 These observations raise human health
concerns because experimental studies have implicated these
multiple ortho-substituted PCB congeners in developmental
neurotoxicity.9,10

Several neurotoxic PCB congeners, including PCB 95, are
chiral, i.e., they exist as stable rotational isomers that are
nonsuperimposable mirror images of each other. Numerous
studies have reported a variable degree of atropisomeric
enrichment in wildlife, laboratory animals, and humans.11 In
vitro studies by several groups including ours suggest that this
atropisomeric enrichment is at least partly due to the
atropselective metabolism of PCBs to hydroxylated (OH-
PCBs) and other metabolites by cytochrome P450 (P450)
enzymes.12−15 In addition, dietary exposure to atropisomeri-
cally enriched PCBs can contribute to chiral signatures
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observed in vivo, as has been shown in studies of PCBs’
movement through aquatic food webs.11 Several studies suggest
that the atropisomeric enrichment of PCBs and their
metabolites have toxicological implications. Specifically, chiral
PCBs atropselectively interfere with cellular targets implicated
in cellular calcium homeostasis16,17 and, as we have shown
recently, atropselectively affect neuronal connectivity in
cultured rat hippocampal neurons.18

A number of changes in maternal body composition and
physiological processes, such as changes in maternal lipid and
lipoprotein plasma concentrations and hepatic P450 enzyme
activities, contribute to an altered maternal PCB disposition
during pregnancy and lactation in mammals, including
humans.19−24 There is evidence that these physiological
changes enantioselectively alter the disposition of chiral
drugs, such as bronchodilators25 or antidepressants.26 These
observations raise the question of whether pregnancy-related
physiological changes similarly alter the atropselective maternal
disposition of chiral PCBs, thereby exposing the fetus and/or
neonate to neurotoxic PCBs with metabolite profiles and chiral
signatures that differ from those of PCB-exposed but
nonpregnant adult females. Such differences are expected to
be toxicologically relevant because PCBs atropselectively affect
molecular and cellular targets implicated in PCB developmental
neurotoxicity.16−18

To address this knowledge gap, the present study
investigated the levels and chiral signatures of PCB 95 and its
hydroxylated metabolites in pregnant mice exposed daily to
racemic PCB 95 beginning 2 weeks prior to mating and
continued throughout gestation and lactation. PCB 95 was
selected for this study because it is an environmentally relevant
PCB congener11,27 that has been associated with developmental
neurotoxicity in experimental studies.28,29 Considerable enan-
tiomeric enrichment of PCB 95 and its hydroxylated
metabolites was observed in dams and their offspring, which
is in contrast to racemic signatures of PCB 95 residues present
in several postmortem human brain samples.

■ EXPERIMENTAL PROCEDURES
Caution: Polychlorinated biphenyls and their metabolites are toxic and
should be handled caref ully with appropriate personal protective
equipment. The derivatization reagent diazomethane is highly toxic and
explosive. Its preparation and use should occur under a fume hood and
behind a safety shield. All glassware used to handle diazomethane should
have f ire-polished ends.
Chemicals. 2,2′,3,5′,6-Pentachlorobiphenyl (PCB 95; 99.7%

purity), 2,3,4′,5,6-pentachlorobiphenyl (PCB 117; 99% purity),
2,2′,3,4,4′,5,6,6′-octachlorobiphenyl (PCB 204; 99.9% purity), and
2′,3,3′,4,5,5′-hexachlorobiphenyl-4′-ol (4′-159, 100% purity) were
purchased from AccuStandard (New Haven, CT, USA). 3-Methoxy-
2,2′,4,5′,6-pentachlorobiphenyl (3-103), 2,2′,3,5′,6-pentachlorobi-
phenyl-4-ol (4-95), 2,2′,3,5′,6-pentachlorobiphenyl-4′-ol (4′-95),
2,2′,3,5′,6-pentachlorobiphenyl-5-ol (5-95), and 4,5-dimethoxy-
2,2′,3,5′,6-pentachlorobiphenyl (4,5-95) were synthesized to >95%
purity as described previously.30,31

Animal Experiments. Animals were part of a larger developmental
neurotoxicity study and were treated humanely and with regard for
alleviation of suffering according to protocols approved by the
Institutional Animal Care and Use Committee of the University of
California, Davis. Female C57BL/6 mice (8 weeks old) were
purchased from Charles Rivers Laboratories (Hollister, CA) and
dosed daily for a total of 56 days with three different doses of PCB 95
(0.1, 1.0, or 6.0 mg/kg body weight/day [bw/d], which corresponds to
5.6, 56, or 336 mg/kg bw total dose) in peanut butter/peanut oil or
vehicle alone according to previously described protocols.32 After 1

week of acclimatization to the vehicle and 2 weeks of PCB 95 dosing,
exposed and control dams were mated over a period of 3 days with
congenic male mice. Dosing continued during mating and throughout
gestation and lactation. Animals were euthanized on day 56 after
beginning PCB 95 dosing. Litters were culled to 7−8 pups on
postnatal day 2 (PND 2), weaned at PND 21, and euthanized at PND
30−33. Dams (n = 32) and neonates (n = 38) used for PCB and OH-
PCB analysis were euthanized by cervical dislocation followed by
thoracotomy. Blood was collected by cardiac puncture and placed into
glass vials. Brain, liver, and abdominal adipose tissues were excised,
wrapped in aluminum foil, and snap frozen in liquid nitrogen. All
tissues were stored at −80 °C until analysis.

Tissue Extraction. The analytical methods were described in detail
previously.32 In short, adipose, brain, and liver tissue samples (tissue
masses used for extraction are provided in Table S1, Supporting
Information) were extracted by pressurized liquid extraction (ASE
200, Thermo Fisher Sci., Waltham, MA) with hexane/dichloro-
methane/methanol (48:43:9, v/v/v). Blood samples were denaturated
with 2-propanol, followed by liquid−liquid extraction with hexane-
methyl-tert-butyl ether (1:1, v/v). All extracts were concentrated,
derivatized with diazomethane, and further cleaned up with sulfuric
acid. Laboratory blank samples, containing only the reagents used in
the extraction procedure, and tissues from animals exposed to vehicle
were analyzed in parallel as part of the quality control/quality
assurance (detection limits are detailed in Table S1, Supporting
Information).

Gas Chromatographic Analyses. The quantification of tissue
levels of PCB 95 and OH-PCBs (as methylated derivatives) was
achieved in a single analysis using Agilent 7870A or Agilent 6890 gas
chromatographs equipped with a 63Ni microelectron capture detector
and SPB 1 or Equity-1 columns (60 m length × 0.25 mm inner
diameter × 0.25 μm film thickness; Supelco, St. Louis, MO, USA).
The injector and the detector temperatures were 280 and 300 °C,
respectively. The oven temperature was programmed at 50 °C for 1
min, followed by 30 °C/min to 200 °C, 1 °C/min to 260 °C, 10 °C/
min to 280 °C, and hold for 2 min. Helium was used as a carrier gas
with a flow of 2 mL/min. Levels of PCB 95 and OH-PCBs were
determined using PCB 204 as internal standard (volume corrector).33

Detailed results are presented in Tables S3−S8, Supporting
Information.

Enantiomeric fractions (EFs) were determined on the same Agilent
systems, using Chirasil-Dex (CD, 2,3,6-tri-O-methyl-β-cyclodextrin, 30
m length × 250 μm inner diameter × 0.39 μm film thickness, Agilent,
Santa Clara, CA; resolved PCB 95, Rs = 0.67 ± 0.16 and 4,5−95, Rs =
0.56 ± 0.05), ChiralDex B-DM (BDM; 2,3-di-O-methyl-6-tert-butyl-
silyl-β-cyclodextrin, 30 m length × 250 μm inner diameter × 0.12 μm
film thickness, Supelco, St. Louis, MO; resolved PCB 95, Rs = 0.75 ±
0.12), or BGB-172 columns (BGB; 20% tert-butyldimethyl-silyl-β-
cyclodextrin, 30 m length × 250 μm inner diameter × 0.25 μm film
thickness, BGB Anlytics, Boecten, Switzerland; resolved 4-95, Rs = 1.1
± 0.1). Although the atropisomers of 5-95 resolved well on the CD
column, determination of its EF value was not possible due to
coelution of its second eluting atropisomer with 4-95. The following
short temperature program was used to determine EF values of PCB
95 in extracts from adipose and brain tissues: 90 °C for 1 min, 30 °C/
min to 160 °C, hold for 20 min, 1 °C/min to 170 °C, hold for 7 min, 1
°C/min to 190 °C, hold for 20 min and 10 °C/min to 200 °C, and
hold for 20 min.34 A longer temperature program was used for blood
and liver extracts to simultaneously determine EF values for PCB 95
and its metabolites when their presence was observed during short
analyses. The long oven program started at 35 °C, followed by 10 °C/
min increase to 140 °C, hold for 420 min, 10 °C/min to 200 °C, and
hold for 15 min. The injector and the detector temperatures were set
to 250 °C, and the helium flow was 3 mL/min. The enantiomeric
fractions were calculated from the formula EF = A1/(A1 + A2), where
A1 and A2 are the peak area of the first (E1) and the second (E2)
eluting atropisomers, respectively.

Quality Control/Quality Assurance. Instrument detection limits
and detector linear ranges were published previously.32 The recoveries
of the surrogate standards, added before extraction to each sample,
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were 100 ± 12% in blood and 104 ± 15% in the remaining tissues for
PCB 117 and 93 ± 19% in blood and 80 ± 23% in liver for 4′-159.
Statistical Analysis. All data, unless otherwise specified, are

presented as mean ± standard deviation. The differences in tissue
levels and EFs between tissue and dose treatment groups were studied
using ANOVA with Bonferroni’s posthoc test. The differences between
dams and adult mice (data from age-matched congenic female mice
were previously published by Kania-Korwel et al.;32 summary tables
are presented in Tables S3A−S6A, Supporting Information) were
tested using two-sample, two-tailed t-test, with p-values adjusted for
multiple tests. The difference of EF from racemic was tested using one-
sample t-test against the actual value of racemic standard (0.49 ± 0.01
for PCB 95 on BDM and CD columns, 0.50 (n = 2) for 4-95 on BGB
column, and 0.49 ± 0.01 for 4,5-95 on CD column). The differences in
EF values between tissues from different treatment groups were tested
with two-sample, two-tailed t-test. The differences were considered to
be statistically significant for p < 0.05. R software (version 3.0.2; www.
r-project.org) was used for statistical analyses.

■ RESULTS
General Toxicity. Gestational and lactational exposure to

PCB 95 did not cause any general toxicity in female C57BL/6
mice. Animals gained on average 7.9 g during the whole study,
with an average weight gain of 18 g during pregnancy, close to
half of which was lost after giving birth (11 g on average). No
treatment-related differences in body weights were observed
throughout the study. Similarly, the major organ weights (liver
and brain) did not change as a result of PCB treatment at any
of the doses investigated (Table S2, Supporting Information).
Tissue Levels of PCB 95. The levels of PCB 95 were

determined in adipose, blood, brain, and liver tissues. Adipose
tissue had significantly higher levels of the parent compound
compared to that in all other tissues, with tissues levels
following the rank order adipose ≫ liver > brain > blood
(Figure 1 and Table S3A, Supporting Information). Depending

on the dose, PCB 95 levels in adipose tissue were 1 to 2 orders
of magnitude higher compared to those in the other three
tissues investigated. This observation is in agreement with
published data in the literature showing that adipose is a storage
site for lipophilic compounds like PCBs.35,36 Moreover, there
was a clear, dose-dependent increase in PCB 95 tissue levels
that approximately followed the increase in the dose. For
example, the 10-fold increase in dose from the low (0.1 mg/kg

bw/d) to medium dose (1 mg/kg bw/d) resulted in a 12-fold
increase in the PCB 95 level in adipose tissue, an 8-fold increase
in brain and liver, and a 5-fold increase in blood. Similarly, the
6-fold increase from the medium to high dose (6 mg/kg bw/d)
corresponded to a 6-fold increase in PCB 95 levels in adipose
tissue, a 7-fold increase in liver, a 5-fold increase in brain, and a
4-fold increase in blood. When the PCB 95 levels were
expressed as a percent of the total dose,37 we were able to
account for only a minor percentage of the total dose, with
<0.3% of the total dose being present in the four tissues
investigated (data not shown). The adipose tissue contained
the highest percent of the total dose (0.24−0.27%).

Tissue Levels of Hydroxylated PCB 95 Metabolites.
PCB 95 is metabolized by cytochrome P450 enzymes to several
hydroxylated metabolites in mice32 and other mammalian
species.15,38,39 In the present study, the levels of five PCB 95
metabolites, including 3-103 (1,2 shift product of PCB 95),40 4-
95, 4′-95, 5-95, and 4,5-95, were quantified in tissues. Only
three of these metabolites, 4-95, 5-95, and 4,5-95, were detected
in blood and liver. Together, these metabolites accounted for
approximately 0.02% of the total dose (data not shown). Levels
of all OH-PCBs investigated were below the detection limit in
brain and adipose tissue samples (for detection limits see Table
S1, Supporting Information). Similarly, OH-PCBs were not
detected in brain and adipose tissues from an earlier PCB 95
disposition study in adult female mice.32 In addition, we
identified X′-95 in blood and liver, a metabolite previously
found in rat liver microsomal incubations15 and a PCB 95
disposition study in adult female mice;32 however, this
metabolite could not be quantified because an analytical
standard was not available. Additional metabolites, which may
have been present in tissues based on an earlier study,39 were
not analyzed due to the unavailability of authentic standards.
The sum of the hydroxylated metabolites (∑OH-PCBs) in

blood was 4−6 times higher than the concentration of the
parent compound (Table S4A, Supporting Information).
However, ∑OH-PCB levels in liver were 2−3 times lower
than the PCB 95 levels in the liver. Blood ∑OH-PCB levels of
the dams were slightly higher than liver levels; however, this
difference did not reach statistical significance. Similar to PCB
95 levels, ∑OH-PCB and individual OH-PCB levels increased
with increasing dose. Specifically, the 10-fold increase from the
low to medium dose resulted in an 8-fold increase in ∑OH-
PCB in both blood and liver. The 6-fold increase from the
medium to high dose resulted in 3- and 6-fold increases in
∑OH-PCB in blood and liver, respectively.
There was a clear difference in the metabolite profiles

between blood and liver in the dams. The levels of hydroxylated
metabolites in blood generally followed the order 4-95 ≫ 4,5-
95 > 5-95 at all doses (Figure 2 and Table S4A, Supporting
Information). 4-95 was also the major metabolite in the liver;
however, the levels of the remaining two metabolites followed
the order 5-95 > 4,5-95. The 5-95:4-95 ratios differed
considerably between both compartments. For example, the
5-95:4-95 ratios in the highest PCB 95 dose group were
approximately 0.03 and 0.58 in blood and liver, respectively.
Interestingly, the 5-95:4-95 ratios slightly decreased from 0.58
in the high-dose group to 0.50 in the low-dose group.

Atropisomeric Enrichment of PCB 95. PCB 95 and other
chiral PCBs undergo atropisomeric enrichment in animal
models and humans.11 To study the extent of the atropisomeric
enrichment in dams dosed throughout gestation and lactation
with racemic PCB 95, the EF values of PCB 95 in tissues were

Figure 1. Levels of PCB 95 in tissues from dams exposed to racemic
PCB 95 during gestation and lactation increased with increasing dose.
Data presented as mean ± standard deviation. *Significantly higher
than 0.1 mg/kg bw/d treatment group, p < 0.05. #Significantly higher
than 1 mg/kg bw/d treatment group. ND, below detection limit; for
limits of detection, see Table S1, Supporting Information.
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determined using two different enantioselective columns
(Figure 3 and Table S5A, Supporting Information). There
was a good agreement between the results obtained on both the
BDM and CD columns, and statistical analysis revealed no
statistically significant differences. The second eluting peak of
PCB 95 (E2-PCB95) was enriched in all tissues at all doses
investigated.
The most pronounced atropisomeric enrichment was

observed in the liver, with an average EF value across all
dose levels of 0.11. This EF value was significantly different
from the EF values in all other tissues investigated. The EF
values were also similar across all three doses in blood (EF ∼
0.17) and brain (EF ∼ 0.16). The least pronounced
atropisomeric enrichment was observed in adipose tissue,
with an average EF value across all dose levels of 0.22. The EF
values in adipose tissue showed some dose-dependent increase;
however, this difference reached statistical significance only for
EF values determined on the BDM column.
Atropisomeric Enrichment of PCB 95 Metabolites.

Several studies have demonstrated that, like their parent
compounds, OH-PCBs are atropisomerically enriched in
vivo.30,32 Consistent with these earlier studies, a considerable
atropisomeric enrichment of several hydroxylated PCB 95
metabolites was observed in the liver (Figure 4A−C) and blood
(Figure 4D, see also Table S6A, Supporting Information). An
enrichment of the second eluting atropisomer was observed for
4-95 (E2-4-95, Figure 4A,C) and 4,5-95 (E2-4,5-95, Figure

4A,B). An enrichment of the first eluting atropisomer of the
unidentified metabolite X′-95 (E1-X′-95) was observed in the
liver (Figure 4B). E2-4-95 was also enriched in blood (Figure
4D). The enrichment E2-4-95 appeared to be more pronounced
in blood than in liver, whereas the enrichment of E2-4,5-95 was
similar in blood and liver (Table S6A, Supporting Information).

Levels and Atropisomeric Enrichment of PCB 95 and
Metabolites in Pups. Tissues from a small number of pups
were analyzed for a preliminary assessment of the transfer of
PCB 95 to the offspring exposed via the dam. Overall, pups
euthanized on PND 30−33 showed low but detectable tissue
levels of PCB 95. Liver PCB 95 levels in the pups were 2- to 4-
fold higher than blood levels (Table S7, Supporting
Information). The levels of OH-PCBs were mostly below or
close to the limit of detection (Table S8, Supporting
Information). Similar to the corresponding dams, 4-95 was
the major metabolite in blood. Liver samples from the offspring
in the high-dose group contained comparable levels of 4-95 and
5-95. The determination of the EF values for PCB 95 was
challenging due to the low PCB tissue levels; however, the
direction of the atropisomeric enrichment of PCB 95 was the
same as in dams, with E2-PCB 95 being enriched in all samples.
Moreover, the atropisomeric enrichment in the offspring
appeared to be more pronounced compared to dams, with
EF values < 0.03.

Atropisomeric Enrichment of PCB 95 in Postmortem
Human Brain Samples. Because only limited information is
available about chiral signatures of PCB 95 and other chiral
PCB congeners in the general human population (Table 1), we
determined the chiral signatures for PCB 95 and other chiral
PCBs in four postmortem brain samples from an earlier study8

to gain additional insights into chiral signatures in human brain
tissue. In contrast to mouse brain (Figure 3), EF values of PCB
95 in all human brain samples were racemic. Similarly, chiral
signatures of PCB 136 (n = 1) and PCB 149 (n = 3) were
racemic in these extracts (Table S9, Supporting Information).

Figure 2. Levels of hydroxylated metabolites of PCB 95 in (A) blood
and (B) liver from dams exposed to racemic PCB 95 during gestation
and lactation increased with increasing dose. Data presented as mean
± standard deviation. *Significantly higher than 0.1 mg/kg bw/d
treatment group, p < 0.05. #Significantly higher than 1 mg/kg bw/d
treatment group. ND, below detection limit; for limits of detection, see
Table S1, Supporting Information.

Figure 3. Atropisomeric enrichment of PCB 95 in tissues from dams
exposed to racemic PCB 95 during gestation and lactation was tissue-
dependent, with the liver presenting the most pronounced enrichment.
With exception of the adipose tissue, the atropisomeric enrichment in
tissues appeared to be independent of the dose. The dashed line
corresponds to the EF of racemic PCB 95 (EF = 0.49 ± 0.01).
Analyses were performed on a CD column (for details see
Experimental procedures). Data presented as mean ± standard
deviation. *Significantly higher than 0.1 mg/kg bw/d treatment
group, p < 0.05. #Significantly higher than 1 mg/kg bw/d treatment
group. ND, below detection limit; for limits of detection, see Table S1,
Supporting Information.
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■ DISCUSSION

Female mice received cumulative doses of 0.15, 1.4, and 8.2 mg
(0.1, 1, and 6 mg/kg/day bw, respectively) of racemic PCB 95
throughout lactation and gestation. Because only four tissues
and a limited number of PCB metabolites were quantified in
the present study, it was not possible to obtain a complete mass
balance of PCB 95. Adipose tissue, a well-documented storage
tissue of PCBs,32,37,41 accounted for approximately 0.24−0.27%

of the total PCB 95 dose, which is considerably lower

compared to earlier disposition studies with PCB 136 in

mice.33,37,41 All other tissues investigated accounted for only

minute amounts of the total PCB 95 dose (<0.05% of the total

dose). Moreover, OH-PCBs in blood and liver represented only

a tiny percentage (∼0.02% of the total dose) of the total PCB

95 dose. Taken together, these observations are consistent with

Figure 4. Hydroxylated PCB 95 metabolites display considerable atropisomeric enrichment in liver and blood from dams exposed to racemic PCB
95 throughout gestation and lactation. (A) Summary of EF values of X′-95, 4-95, and 4,5-95 in the liver. The dashed line indicates the EF value of a
racemic mixture (note that the EF values were not 0.50 for all racemic standards; see text for details). Representative chromatograms showing the
atropisomeric enrichment of (B) X′-95 and 4,5-95 in the liver (BDM column), (C) 4-95 in the blood (BGB column), and (D) 4,5-95 in blood
(BDM column). (E, F) Representative chromatograms of the corresponding racemic standards analyzed on the BGB and BDM columns,
respectively. Enantioselective analyses were performed as described in the Experimental Procedures. #Significantly higher than 1 mg/kg bw/d
treatment group. ND, not detected. Data in panel (A) are presented as mean ± standard deviation. The enantiomeric fractions were calculated from
the formula EF = A1/(A1 + A2), where A1 and A2 are the peak area of the first (E1) and the second (E2) eluting atropisomers, respectively.
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the rapid elimination of chiral PCBs, such as PCB 95, in
rodents.32,42,43

The levels of PCB 95 and its hydroxylated metabolites were
within the range of PCB 95 levels reported in a few studies
investigating populations with known PCB exposure. For
example, PCB 95 blood levels were <5 ng/g blood (limit of
detection, see Table S1, Supporting Information) and 14 ng/g
blood for the low and medium PCB 95 treatment groups,
respectively. In comparison, PCB 95 levels were ≤1.3 ng/g
plasma in anglers from Wisconsin (data collected 1993−
1995)44 and 6.8−7.9 ng/g plasma in Swedish construction
workers removing PCB-contaminated sealants (data from
2002).45 A recent analysis of postmortem brain samples
revealed higher PCB 95 levels in individuals with a neuro-
developmental disorder compared to those in neurotypical
controls, with brain PCB 95 levels reaching 1.9 ng/g tissue.8

These human brain levels are close to the PCB 95 levels (3.7
ng/g tissue) observed in the brain of dams from the low-dose
treatment group. It is important to emphasize that PCB levels
in the environment and in humans have decreased considerably
since their production ended in the 1970s. A recent follow up
study in Great Lakes anglers showed a decrease of PCB levels
in humans of 3.5% per year from 1994−1995 to 2001−2005.46
Unlike the parent PCB, the levels of hydroxylated

metabolites of PCB 95 have not been determined in human
or environmental samples, partly because authentic standards
are not readily available. However, the ∑OH-PCB levels found
in dams in the current study (11 ng/g wet weight for the low
dose group) were of the same order of magnitude as OH-PCB
levels observed in human biomonitoring studies. For example,
the ∑OH-PCB levels of Chukchi and Canadian Inuits were
≤12 ng/g wet weight.47,48 These comparisons suggest that the
PCB 95 doses used in the present study result in maternal PCB
95 and OH-PCB levels that are similar to levels found in human
populations.

While they are comparable to human tissue levels, the PCB
95 tissue levels in the present study were significantly lower
compared to levels observed previously in PCB 95-treated adult
female mice (see Table 3A, Supporting Information).32

Pregnancy-associated changes in lipid and lipoprotein disposi-
tion49−52 explain, at least in part, differences in the disposition
of PCB 95 between pregnant vs nonpregnant mice. Briefly,
endogenous lipids and PCB 95 are mobilized from adipose
tissue during lactation and, ultimately, eliminated via the breast
milk.49 Moreover, exogenous lipids and lipid-soluble PCB 95
are redirected to the mammary gland during pregnancy and,
thus, effectively eliminated via the breast milk.22 These changes
in lipid disposition likely contributed to the elimination of a
significant percentage of PCB 95 from the mouse dams
examined in this study, thus resulting in lower PCB 95 levels
compared to those in nonpregnant mice. In addition, some
PCB 95 administered antepartum was likely eliminated with the
fetuses at birth; however, the percentage of the total PCB 95
dose eliminated by this route is probably small because fetal
PCB levels are typically low.19,20 The present study was not
designed to assess PCB 95 levels in fetuses and neonates;
however, the PCB 95 levels in weanlings at PND 30−33 were
low, which suggests that PCB 95 is also rapidly eliminated from
weanling mice dosed throughout gestation and lactation via the
dam.
In addition to the efficient elimination of PCB 95 via the

breast milk, the oxidation of PCB 95 by P450 enzymes made a
significant contribution to the elimination PCB 95 in
mice.12−15,43 The OH-PCB metabolite profiles in tissues from
pregnant mice were consistent with our earlier in vivo study in
nonpregnant mice,32 with 4-95 being the major metabolite
detected in blood and liver. 4-95 was also a major metabolite in
liver and blood from weaned pups on PND 30−33 at the
higher doses. OH-PCBs were below the detection limit in the
adipose and brain tissue from pregnant mice as well as their
offspring. 4-95 and 5-95 are also major metabolites formed in
other mammalian species.12,15,39 Similar to PCB 95 levels, the
OH-PCB levels in dams were lower compared to OH-PCB
levels observed in nonpregnant mice;32 however, these
differences were not as pronounced as with the parent
compound. Taken together, these observations suggest that
pregnancy-associated physiological changes result in lower OH-
PCBs levels, which is not surprising considering the lower levels
of the parent PCB 95. At the same time, pregnancy did not alter
the profiles of potentially neurotoxic OH-PCB metabolites in
the dams and their offspring.
The P450 enzyme-mediated metabolism of PCB 95 not only

results in its rapid elimination and the formation of OH-PCBs
but also explains the atropisomeric enrichment of PCB 95 and
its metabolites in pregnant mice from this study. The direction
and rank order of the enrichment of PCB 95 in different tissues
of dams (i.e., adipose > blood ≈ brain > liver) was similar to
other studies investigating the atropisomeric enrichment of
PCB 95 in nonpregnant adult mice (see Table 5A, Supporting
Information).32 The direction of the atropisomeric enrichment
of PCB 95 in PND 30−33 pups was the same as in the
corresponding dams. Interestingly, the effect of the PCB dose
on EF values in dams differed considerably from the trends
observed in nonpregnant adult mice.32 In the present study, the
enantiomeric enrichment of PCB 95 in the adipose tissue was
less pronounced in the higher dose treatment groups, whereas
the dose had no significant effect on the EF values of PCB 95 in
all other tissues investigated. In contrast, a more pronounced

Table 1. Comparison of the Atropisomeric Enrichment of
PCB 95 in Human and Mouse Samples Reveals Mice Display
a More Pronounced Atropisomeric Enrichment

species tissue range ref

human breast milk
(n = 10)

0.51−0.58 Blanch et al., 199960

human liver (n = 11) 0.51−0.75 Chu et al, 200359

human brain (n = 1) 0.50 Chu et al, 200359

human kidney (n = 3) 0.50−0.57 Chu et al, 200359

human muscle (n = 3) 0.51−0.53 Chu et al, 200359

human feces (n = 10) 0.42−0.50 Harrad et al., 20061

human breast milk
(n = 11)

0.45−0.60 Bordajandi et al, 200861

human brain (n = 4) 0.50 current projecta

human serum (n = 30) 0.41−0.91 Megson et al, 201562

mouse,
adult

brain (n = 13) 0.12−0.20 Kania-Korwel, 201232

mouse,
adult

liver (n = 14) 0.07−0.19 Kania-Korwel, 201232

mouse,
dam

brain (n = 10) 0.11−0.20 current projecta

mouse,
dam

liver (n = 21) 0.07−0.19 current projecta

mouse, pup liver (n = 31) 0.00−0.03 current projecta

aFor details of sample origin and analysis, see Supporting Information.
The enantiomeric fractions were calculated from the formula EF = A1/
(A1 + A2), where A1 and A2 are the peak area of the first (E1) and the
second (E2) eluting atropisomers, respectively
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enantiomeric enrichment was observed previously with
increasing dose in tissues from nonpregnant adult mice.32 An
atropisomeric enrichment of E2-4-95 and E2-4,5-95 was
detected in blood and liver from both dams and nonpregnant
adult mice.32 However, there were slight differences in the
extent of the atropisomeric enrichment of PCB 95, 4-95, and
4,5-95 in pregnant vs nonpregnant mice (see Table 5A and 6A,
Supporting Information) as well as in pregnant mice vs their
offspring. These differences in the EF values between studies in
part reflect differences in the internal PCB 95 dose (i.e., PCB
tissue levels), with higher PCB tissue levels (e.g., in the adipose
tissue from dams) masking an enantiomeric enrichment.
Although this was not investigated in the present study, it is
likely that the hepatic PCB 95 levels in the present study were
too low to significantly alter P450 activities in the liver of dams
and, thus, affect PCB 95’s own enantioselective metabolism. In
agreement with this interpretation, we have shown that the
extent of the atropisomeric enrichment of PCB 136 increases
with decreasing dose in mice treated with a single oral dose.33

In contrast, the induction of P450 enzymes due to the high
internal PCB 95 dose is thought to explain the more
pronounced enantiomeric enrichment of PCB 95 in non-
pregnant adult mice.32

In addition to differences in the internal dose, pregnancy-
associated physiological changes, such as changes in P450
enzyme composition50−52 and/or lipid disposition,49 may
contribute to small differences in the OH-PCB metabolite
profile and/or the chiral signatures of PCB 95 and its
metabolites. For example, changes in the hepatic P450 enzyme
composition have been shown to alter OH-PCB profiles in in
vitro metabolism studies53,54 and affect chiral signatures of other
chiral environmental pollutants, such as chlordanes.55,56 Several
animal studies have shown that physiological changes during
pregnancy alter the enantioselective disposition of chiral
bronchodilators25 or antidepressants.26 Moreover, PCBs
absorbed from the diet may avoid the atropselective hepatic
first-pass metabolism due to differences in the lipoprotein
transport during pregnancy,49 which could also contribute to
differences in EF values. It is also possible that PCBs are
enantioselectively transported across the placental barrier, thus
affecting the enantiomeric enrichment in the dams. Consistent
with this explanation, there is indication that some chiral
persistent organic pollutants, such as α-hexachlorocyclohexane,
can enantioselectively cross the blood−brain barrier.57

Our results demonstrate that pregnancy-associated changes
in P450 enzyme composition and lipid disposition have only a
small, if any, effect of the direction and extent of the
atropisomeric enrichment of PCB 95 as well as the profiles
and chiral signatures of its OH-PCB metabolites. Because PCB
136 and other chiral PCBs do not appear to be subject to
enantioselective active transport, for example, by multidrug
resistance transporters mdr1a/1b,41 it is also unlikely that chiral
signatures of PCB 95 are significantly altered by enantiose-
lective transplacental transport; however, the possibility of
active transplacental transport of PCBs cannot be completely
dismissed because of the small differences in the EF values
between dams and their pups. The findings from the present
study, together with earlier studies,32,35 provide additional
evidence suggesting that disposition studies in nonpregnant
adult animals predict PCBs’ chiral signatures throughout all
developmental stages of mice and, possibly, other species
following oral exposure. Consistent with this hypothesis, a
recent study investigating the maternal transfer of chiral PCBs

in chicken also reported that the direction and extent of the
atropisomeric enrichment of PCBs in the hen, egg, and chicks
were also comparable for several PCBs, including PCB 95.58

PCB 135 was an exception because the direction of the
atropisomeric enrichment of this congener was different
between hens and chicks. Additional studies investigating the
maternal transfer of different chiral PCBs are needed, therefore,
to fully understand chiral signatures observed in wildlife,
laboratory studies, and humans following developmental PCB
exposure.
While there is experimental evidence that chiral PCBs

undergo considerable atropisomeric enrichment in mice and
other species, few studies have investigated the atropisomeric
enrichment of PCBs in the human population in general and in
pregnant and/or nursing women in particular.11 Limited
evidence suggests that the atropisomeric enrichment of PCB
95 in humans appears to be much less pronounced and more
variable compared to that in mice (Table 1).27 A number of
studies report an enrichment of E1-PCB 95 in several human
postmortem tissue samples59 and breast milk.60,61 A modest, if
any, enrichment of E2-PCB 95 has been reported for a few
human breast milk and feces samples.1,61 As reported in this
study, the atropselective analysis of brain tissue extracts from
the study by Mitchell et al.8 also revealed racemic signatures of
PCB 95 in brain tissue. A notable exception is a recent study of
serum of transformer dismantling workers.62 Most of the
workers exhibited clear enrichment of E1-PCB 95 in serum,
with EF values as high as 0.91 (Table 1). Similarly, we have
shown that E1-PCB 95 undergoes considerable enantiomeric
enrichment in rats exposed orally to racemic PCB 95. In
contrast, E2-PCB 95 is significantly enriched in tissues and
excreta from mice exposed orally to racemic PCB 95 in this and
other studies.32,36

Several factors may contribute to differences between EF
values observed in human and laboratory-generated mouse
tissue samples. In vitro studies with liver microsomes
demonstrate significant species differences in the atropselective
metabolism of PCB 136, with pooled human liver microsomes
and mouse liver microsomes metabolizing PCB 136 atro-
pisomers with different selectivity.63 Since pure PCB
atropisomers interfere with each other’s biotransformation,38,64

complex human exposures may also result in chiral signatures
that are different from chiral signatures in animal studies with
individual, racemic PCB congeners. It is also possible that
interindividual differences in the activity of P450 enzymes result
in differences in chiral signatures of PCB congeners in humans.
Indeed, the activity of CYP2B6, a P450 enzyme involved in the
metabolism of chiral PCBs,12 depends on age,65 is highly
inducible by environmental and dietary factors,66 and is affected
by genetic polymorphisms.66 Last but not least, humans may be
exposed to atropisomerically enriched PCB 95 via the diet or
air. Because chiral PCB 95 signatures in the diet and air are
typically racemic,1,4,67 the less pronounced atropisomeric
enrichment in human samples suggests that near-racemic
PCB 95 signatures reported for most human samples may
reflect a recent, ongoing exposure to PCBs. Further studies are
needed, therefore, to advance our understanding of the
complex processes contributing to species differences in the
disposition of PCB atropisomers, especially in light of the
growing evidence demonstrating that the developmental
neurotoxicity of chiral PCBs is atropselective.16−18
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■ ABBREVIATIONS
3-103, 3-methoxy-2,2′,4,5′,6-pentachlorobiphenyl; 4-95,
2,2′,3,5′,6-pentachlorobiphenyl-4-ol; 4′-159, 2′,3,3′,4,5,5′-hexa-
chlorobiphenyl-4′-ol; 4′-95, 2,2′,3,5′,6-pentachlorobiphenyl-4′-
ol; 5-95, 2,2′,3,5′,6-pentachlorobiphenyl-5-ol; X′-95, unidenti-
fied monohydroxylated metabolite of PCB 95; 4,5-95,
2,2′,3,5′,6-pentachlorobiphenyl-4,5-diol; BDM, ChiralDex B-
DM enantioselective column, 2,3-di-O-methyl-6-tert-butyl-silyl-
β-cyclodextrin; BGB, BGB-172 enantioselective column, 20%
tert-butyldimethyl-silyl-β-cyclodextrin; CD, Chirasil-Dex enan-
tioselective column, 2,3,6-tri-O-methyl-β-cyclodextrin; E1, first
eluting atropisomer; E2, second eluting atropisomer; EF,
enantiomeric fraction; ND, below limit of detection; OH-
PCBs, hydroxylated metabolites of polychlorinated biphenyls;
PCB, polychlorinated biphenyls; PCB 95, 2,2′,3,5′,6-penta-
chlorobiphenyl; PCB 117, 2,3,4′,5,6-pentachlorobiphenyl; PCB

204, 2,2′,3,4,4′,5,6,6′-octachlorobiphenyl; PND, postnatal day;
Rs, resolution
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