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Abstract
Several polychlorinated biphenyls (PCBs) and their hydroxylated metabolites display axial chirality.
Here we describe an enantioselective, gas chromatographic separation of methylated derivatives of
hydroxylated (OH-)PCB atropisomers (MeO-PCB) using a chemically bonded β-cyclodextrin
column (Chirasil-Dex). The atropisomers of several MeO-PCBs could be separated on this column
with resolutions ranging from 0.42–0.87 under isothermal or temperature-programmed conditions.
In addition, the enantiomeric fraction of OH-PCB 136 metabolites was determined in male and female
rats treated with racemic PCB 136. The methylated derivatives of two OH-PCB 136 metabolites
showed an enantiomeric enrichment in liver tissue, whereas PCB 136 itself was near racemic.
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1. Introduction
Polychlorinated biphenyls (PCBs) are an important group of persistent environmental
contaminants [1,2]. They were manufactured until the 1970s as complex mixtures containing
over one hundred PCB congeners with different degrees of chlorination and substitution
patterns. Seventy-eight of the 209 possible PCB congeners display axial chirality and exist as
rotational isomers that are non-superimposable mirror images of each other [3]. Many chiral
PCBs have been separated into their atropisomers by enantioselective HPLC at sub-ambient
temperatures [4–6]; however, the pure atropisomers of most chiral PCBs racemize rapidly
under ambient conditions because of the low energy barriers for rotation about the phenyl-
phenyl bond [5]. Only nineteen PCB congeners with three or four ortho chlorine substituents
exist as atropisomers that are stable at physiological temperature and under the temperature
conditions employed for enantioselective gas chromatography. These chiral PCB congeners
are not only of environmental relevance, but have also been associated with adverse (neuro-)
developmental outcomes [3].

Similar to other chiral compounds, chiral PCBs can interact enantioselectively with biological
macromolecules and, as a result of enantioselective biotransformation and/or transport
processes, undergo enantiomeric enrichment in a variety of organisms, including fish, rodents
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and humans [3,7–19]. The processes responsible for the enantiomeric enrichment of PCBs in
mammals are currently unknown, but enantioselective biotransformation by cytochrome P450
enzymes has been suggested a likely cause of the enantiomeric enrichment of PCBs. The
corresponding hydroxyl (OH-) and methylsulfonyl (MeSO2-)PCB metabolites are also chiral
and, in the case of MeSO2-PCBs, have been shown to be enantiomerically enriched in vivo.
For example, MeSO2-PCB metabolites were significantly enriched in tissues and feces from
rats [20,21]. Several studies have also reported the enantiomeric enrichment of MeSO2-PCB
in wildlife [3,22–26].

A variety of stationary phases have been used to separate PCB and MeSO2-PCB atropisomers
[3]. Initial studies employed triacetylcellulose and (+)-poly(tritylmethacrylate) as sorbents for
the semi-preparative separation of PCB 88, 139 and 144 atropisomers. In subsequent studies,
the semi-preparative, liquid chromatographic separation of many chiral PCB congeners has
been accomplished using permethylated β-cyclodextrin, β-cyclodextrin and (+)-poly
(diphenyl-2-pyridylmethyl methacrylate) chiral selectors. A number of functionalized β- and
γ-cyclodextrin-based chiral selectors have been employed successfully for the gas
chromatographic separation of PCB atropisomers. In addition, metabolites of chiral PCB
congeners have been separated into their atropisomers using liquid or gas chromatography. For
example, 4-OH- and 4-MeO-PCB 149 atropisomers have been separated using a permethylated
β-cyclodextrin HPLC column [27]. Two commercially available β-cyclodextrin based
columns, Chirasil-Dex [22] and BGB-172 [26], as well as several custom-made permethylated
β-cyclodextrin columns with different concentrations of β-cyclodextrin and polarity of
stationary phase [20,21,23–25,28] have been used for the separation of atropisomers of
MeSO2-PCBs.

Unfortunately, little is known about the enantiomeric enrichment of OH-PCB metabolites in
vivo. However, straightforward methods for the qualitative and quantitative analysis of OH-
PCB atropisomers are of significant interest because of the potential (neuro-)developmental
toxicity of these metabolites [29]. Herein we report first, the systematic investigation of the
enantioselective separation of a series of methylated derivatives of chiral OH-PCBs; and
second, the application of the optimized separation conditions to the analysis of the
enantiomeric enrichment of selected metabolites in liver tissue samples.

2. Experimental
2.1. Reagents and materials

Florisil (60–100 mesh), absolute ethanol (200 proof, 99.5%), dimethylsulfoxide (anhydrous,
99.90%), hydrochloric acid, potassium hydroxide, potassium chloride, sodium sulfite, sulfuric
acid, tetrabutylammonium sulfite and pesticide grade solvents were purchased from Fisher
Scientific (Pittsburg, PA, USA). Diatomaceous earth (DE) was obtained from Dionex
(Sunnyvale, CA, USA). The synthesis and characterization of the MeO-PCBs with a 3-
MeO-2,4,6-trichloro substitution pattern (Fig. 1A) is described in the Supplementary
Information [30,31]. The preparation of PCB 136 [32] and its mono- and di-OH metabolites
as well as the corresponding methoxy (MeO-)derivatives [30] (Fig. 1B) has been described
elsewhere. Diazomethane was synthesized from N-methyl-N-nitroso-p-toluenesulfonamide
(Diazald) using an Aldrich mini Diazald apparatus (Milwaukee, WI, USA) following
established procedures [33].

2.2. Enantioselective gas chromatography
All analyses were performed on Agilent 6890N gas chromatograph equipped with a with
a 63Ni micro-electron-capture detection (µECD) system and a Chirasil-Dex CP capillary
column (β-cyclodextrin chemically bonded to dimethylpolysiloxane, 25 m × 0.25 mm I.D.,
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0.25 µm film thickness; Varian, Palo Alto, CA, USA). The injector and detector temperatures
were set to 250°C. The injector worked in splitless mode and 2 µl of the authentic, racemic
MeO-PCB standards (approximately 100 ng/ml in hexane) were injected. This concentration
was selected based on previous studies reporting levels of OH-PCB in blood of wildlife [34,
35].

The gas chromatographic conditions (e.g., temperature program and helium flow) investigated
for the enantioselective analysis of the MeO-PCBs are outlined below. A detailed summary of
the effects of initial temperature, heating rate and helium flow on the retention time, elution
temperature and resolution (Rs) of MeO-PCBs is provided in Supplementary Table S1. The
resolution was calculated using the formula Rs = (tR2- tR1)/0.5 (BW1+BW2), where Rs is the
resolution, tR1 and tR2 are the retention times of the first and second eluting enantiomer, and
BW1 and BW2 are the baseline width of the first and second eluting enantiomer [36]. The
average resolution for PCB 136 was 0.66. The enantiomeric fraction (EF) was calculated as
EF=Area(1)/(Area(1)+Area(2)) for MeO-PCBs with an unknown elution order of the
atropisomers or as EF=Area(+)-PCB136/(Area(+)-PCB136+Area(−)-PCB136) for PCB 136. The
elution order of PCB 136 enantiomers was reported previously [37].

2.3. Animal treatment
All animal experiments and procedures were approved by the Institutional Animal Care and
Use Committee at the University of Iowa, USA. Seven male and seven female Sprague-Dawley
rats were obtained from Harlan (Indianapolis, IN, USA). The rats were 9 weeks old, with an
average weight of 285.4 ± 5.4 g (males) and 188.2 ± 4.5 g (females). The animals were allowed
to acclimatize for one week and then randomly assigned to control or treatment groups. Rats
in the treatment groups (n=6 per gender) received two intraperitoneal injection of PCB 136 (2
× 100 µmol/kg body weight, 2 × 36.1 mg/kg body weight) dissolved in corn oil (5 ml/kg body
weight) on day 1 and 4. The control animals (n=1 per gender) received two injections of corn
oil (5 ml/kg body weight) on day 1 and 4. The animals were sacrificed on day 7, the liver was
excised en bloc, the wet weight was determined and the tissues were stored at −20°C in
aluminum foil prior to PCB analysis.

2.4. Extraction of liver samples
The liver samples (0.45–0.84 g) were mixed thoroughly with diatomaceous earth (2 g, Dionex).
An aliquot of this liver-diatomaceous earth mixture (0.10–0.28 g) was extracted using a
pressurized liquid extractor (ASE 200, Dionex). The samples were placed in extraction cells
over Florisil (12 g, Thermo Fisher Sci, Waltham, MA, USA), spiked with PCB 166 (2,3,4,4’,
5,6-hexachlorobiphenyl, 200 ng) and 4’-OH-PCB 159 (4-OH-2’,3,3’,4,5,5’-
hexachlorobiphenyl, 137 ng) as recovery standards, and extracted with hexane-
dichloromethane-methanol (48:43:9 v/v) at 100°C and 1500 psi using one static cycle of 5 min
and 60% of the cell flush volume. The extract was evaporated to dryness under a gentle stream
of nitrogen and reconstituted in 2 ml of hexane.

2.5. Separation and clean-up of PCB metabolites
The extracts were separated into PCB 136, MeSO2-PCB and OH-PCB fractions based on the
procedure described previously [38]. In short, the phenolic fraction containing the OH-PCBs
was separated from the neutral fraction containing PCB 136 and MeSO2-PCBs by partitioning
into potassium hydroxide (0.5 M, 50% ethanol in water, 2 ml). The aqueous phase was then
acidified with hydrochloric acid (2M, 0.5 ml) and re-extracted twice with hexane-methyl tert-
butyl ether (9:1 v/v, 3 ml). The OH-PCBs were derivatized with diazomethane (diethyl ether
solution, 0.5 ml). PCB 136 was separated from the MeSO2-PCBs fraction by partitioning the
MeSO2-PCBs into dimethyl sulfoxide (anhydrous, 0.5 ml). The PCB and MeO-PCB fractions
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were subjected to a sulfuric acid clean-up according to US Environmental Protection Agency
methods before GC-ECD analysis [13,39].

2.6. Gas chromatography
The concentration of PCB 136 and OH-PCBs (as MeO-PCB derivatives) in liver samples was
determined with an Agilent 6890N gas chromatograph equipped with a 63Ni µ-ECD detector
and SLB-5MS capillary column (60 m × 0.25 mm I.D., 0.25 µm film thickness; Supelco, St
Louis, MO, USA) [39]. The injector and detector temperatures were 280°C and 300°C,
respectively. The following temperature program was used for quantification of PCB 136: 10°/
min from 80°C to 280°C, hold for 15 min. The MeO-PCBs were analyzed using a slightly
modified temperature program: 100°C for 1 min, 5°/min to 250°C, hold for 20 min. In addition,
the concentrations and enantiomeric fractions of the MeO-PCBs were determined using
enantioselective gas chromatography as described above. The following temperature program
was used for the enantioselective analysis of PCB 136: 80°C for 2 min, followed by 15°/min
to 130°C, 1°/min to 190°C, hold for 30 min, 1°/min to 220°C [13]. PCB and OH-PCB
concentrations were determine using PCB 204 (2,2’,3,4,4’,5,6,6’-octachlorobiphenyl) as
internal standard.

2.7. Quality control
The detection limit of all analytes was determined from the respective calibration curves
[40]. The limits of detection for PCB 136 and its MeO-PCB metabolites ranged from 9 to 44
pg (IDLPCB 136 = 9 pg, with a linear calibration range of 1–510 ng/ml (r2 = 0.9996);
IDL3’-MeO-PCB 150 = 44 pg, with a linear calibration range of 1–1000 ng/ml (r2 = 0.9980);
IDL4-MeO-PCB 136 = 14 pg, with a linear calibration range of 1–990 ng/ml (r2 = 0.9998);
IDL5-MeO-PCB 136 = 12 pg, with a linear calibration range of 1–1000 ng/ml (r2 = 0.9999);
IDL4,5-diMeO-PCB 136 = 28 pg, with a linear calibration range of 1–1000 ng/ml (r2 = 0.9992)).

The PCB 136 level in extraction blanks was 0.78±0.11 ng (n=3) and in control (untreated)
animal liver was 5.9±1.0 ng/g wet weight (n=1 per gender). The MeO-PCB background level
in blanks was 0.59±0.61 ng (n=3) and in control animal livers was 1.0±1.4 ng/g wet weight
(n=1 per gender). The mean recovery rates were 109±8% (PCB 166) and 100±18% (4’-OH-
PCB 159), respectively. The concentrations were corrected for recovery rates below 100%
[13].

2.8. Statistical analysis
Unless stated otherwise, data are presented as mean ± standard deviation. Differences in the
EF values in liver tissue and the racemic standards (EF=0.5) were tested using a one-sample,
one-sided t-test at the 95% confidence level. Differences in the EF values in male and female
rats were tested using a two sample t-test at the 95% confidence level. R open-source statistical
software (version 2.0.0, http://www.r-project.org/index.html) was used for all statistical
analyses.

3. Results and discussion
3.1. Selection and synthesis of chiral MeO-PCB derivatives

OH-PCB metabolites are typically methylated immediately after extraction from the respective
biological matrix and analyzed in form of their MeO-PCB derivatives. A series of chiral MeO-
PCBs was synthesized to investigate the gas chromatographic separation of the atropisomers
[30,31]. The series of MeO-PCBs was designed to investigate how the substitution patterns in
the methoxylated and the non-methoxylated phenyl ring influence the enantioselective
separation (Fig. 1). Several of the MeO-PCBs selected for this study contained a 3-MeO-2,4,6-
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trichloro substitution pattern in one phenyl ring and different degrees of chlorination and
substitution patterns in the second phenyl ring (Fig. 1A). The corresponding OH-PCBs are
putative NIH-shift metabolites [41] of PCBs 45, 84, 91, 132, 136 and 149, respectively. In
addition, the MeO-derivatives of several known PCB 136 metabolites were included in this
study (Fig. 1B) [30,42]. These include PCB 136 metabolites with a OH group in meta and
para position, the 3,4-diOH metabolite and the NIH shift product (3’-MeO-PCB 150).

3.2. Selection of the enantioselective GC phase
Permethylated β-cyclodextrin (PMCD)-based stationary phases have been used to separate the
atropisomers of several PCB congeners by gas chromatography or HPLC [4,43]. In addition,
4-OH- and 4-MeO-PCB 149 has been separated by HPLC using a permethylated β-cyclodextrin
stationary phase [27]. Based on these earlier studies we selected the Chirasil-Dex CP capillary
column to investigate the gas chromatographic separation of the MeO-PCBs shown in Fig. 1.
The Chirasil-Dex CP capillary column is commercially available and contains a permethylated
β-cyclodextrin chemically bonded to dimethylpolysiloxane. As a result, this column has a long
life time compared to other, non-bonded chiral GC columns, better temperature stability and
efficiency [44] and, thus, is highly suitable for routine analyses of a large number of biological
samples. One disadvantage of the Chirasil-Dex CP column is the comparatively strong
interaction of the MeO-PCBs with the stationary phases, which results in longer retention times
compared to the corresponding parent PCBs.

3.3. Isothermal separation of MeO-PCB atropisomers
The separation of the MeO-PCBs (Fig. 1) was initially investigated using isothermal
conditions, with temperatures ranging from 140 to 180 °C. The run time and the helium flow
of the isothermal experiments were limited to 4 h and 3 ml/min to obtain a practical analysis
time. Although the rotational energy barriers for OH- and MeO-PCBs with three and four
ortho chlorine substituents are currently unknown, they are most likely similar to the rotational
energy barriers reported for analogous PCB congeners (Δ‡GPCB > 180 kJ/mol) [45,46].
Therefore, it is unlikely that racemization of OH- and MeO-PCB atropisomers occurs in the
time and temperature range investigated.

Several MeO-PCBs with a 3-MeO-2,4,6-trichloro substitution pattern (i.e., 3-MeO-PCB 98,
3’-MeO-PCB 140, 3’-MeO-PCB 150 and 3’-MeO-PCB 154) could at least be partially resolved
on the Chirasil-Dex column (Fig. 2A and Fig.3A) at 150°C, whereas no enantiomeric
separation was observed for 3-MeO-PCB 50, 3-MeO-PCB 103 and 3-MeO-PCB 100. The
optimal resolution (i.e., maximal resolution with retention times < 4 h) for 3’-MeO-PCB 154
(Rs = 0.94), 3’-MeO-PCB 150 (Rs = 0.68), 3-MeO-PCB 98 (Rs = 0.66) and for 3’-MeO-PCB
140 (Rs = 0.39) was observed at this temperature. At 140°C, it was possible to partially resolve
atropisomers of 3-MeO-PCB 103 (Rs = 0.44) and to obtain an improved resolution for 3-MeO-
PCB 98 (Rs = 0.81) and 3-MeO-PCB 150 (Rs = 0.88). 3’-MeO-PCB 140 and 3’-MeO-PCB
154 did not elute at 140°C within 7 hours.

The enantiomeric resolution increased linearly with decreasing temperature, with r2 ranging
from 0.96 to 0.996 for the different MeO-PCBs (p≤0.001) (Fig. 2B). This inverse relationship
between resolution and temperature is not surprising because the enantioselectivity of the
separation is governed by the difference in the free enthalpy of the association complex between
the chiral stationary phase and the PCB atropisomers and, thus, is a function of temperature
[47]. The decrease in temperature was accompanied by elongated retention times and
broadening of the peaks. The broadening of the peak was linearly correlated with increasing
resolution (Fig. 2C, r2 from 0.86 to 0.96 at p≤0.01) over the concentration range investigated.
It is important to note that this increase in peak half-width did not contribute to a decrease in
resolution, even at the lowest temperature investigated (140°C). In contrast, some
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environmental contaminants, such as heptachlor, showed a decrease in resolution at lower
temperatures due to increased peak broadening [47].

3.4. Isothermal separation of MeO-derivatives of PCB 136
The disposition of PCB 136 atropisomers has been investigated intensively in fish [7,17–19]
and in mice [10,11,13,14]. However, little is know about the disposition of the OH-PCB 136
metabolites. Therefore, we investigated the separation of MeO-PCB 136 derivatives that, based
on in vitro metabolism studies [30,42] correspond to OH-PCB 136 metabolites likely to be
formed in vivo (Fig. 1B). In addition to 3’-MeO-PCB 150, the NIH-shift metabolite of PCB
136, the 4- and 5-MeO substituted metabolites of PCB 136 were resolved on Chirasil-Dex
column (Fig. 3A), whereas 4,5-diMeO-PCB 136 was not resolved under any condition
investigated. In addition, the diMeO-derivative co-elutes with the second eluting atropisomer
of 4-MeO-PCB 136, making it impossible to analyze both compounds simultaneously using a
single Chirasil-Dex CP column (Fig. 3). The optimal resolution was observed for 4-MeO-PCB
136 (Rs = 0.71) and 5-MeO-PCB 136 (Rs = 0.65) at 150°C. The resolution decreased with
increasing temperature (Fig. 3B) and decreasing peak half-width (Fig. 3C). For 3’-MeO-PCB
136, these parameters were also well correlated with resolution (r2=0.997, p<0.001 for
temperature and r2=0.96, p<0.001 for peak half-width). The correlations could not be
calculated for 4-MeO-PCB 136 and 5-MeO-PCB 136 due to the small number of data points.

3.5. Temperature programmed atropisomer separation of MeO-PCBs
Although the best resolution of each MeO-PCB can be achieved under isothermal conditions
[48] this approach is unlikely to result in an optimal resolution for a mixture containing several
MeO-PCBs [47] – as would be the case during in vitro and in vivo metabolism studies. Also,
isothermal separations at lower temperatures require long analysis times, which are not
practical when many samples need to be analyzed. Therefore, we investigated different helium
flow rates, temperature increments and initial temperatures in an effort to decrease the analysis
time while ensuring the best resolution for each analyte.

Only a small effect of the flow rate on the resolution was observed for helium flow rates > 28
cm/s (see Supplementary Table S1 and Supplementary Figure S1). This is not surprising
because the optimal flow rate for the enantioselective separation of PCBs is 30 to 40 cm/s
[49]. However, the resolution decreased drastically at the lowest flow rate investigated (18 cm/
s). Therefore, a flow rate of 65 cm/s was used for all subsequent experiments to obtain shorter
retention times.

The resolution increased with a decrease in the temperature increment, with an increment of
0.2°/min giving the best resolutions for a given initial temperature (Fig. 4). The effect of the
temperature increment appeared to depend on the chemical structure of the MeO-PCB. For
example, 0.5°/min and 1.0°/min temperature increments had little effect on the resolution of
3-MeO-PCB 98, 3’-MeO-PCB 150 and 3’-MeO-PCB 154 (Fig. 4A–C), whereas the resolution
of 4-MeO-PCB 136 dropped drastically with an increase in temperature increment at the same
initial temperature (Fig. 4D).

High initial temperatures (150°C) decreased the resolution, independent of the temperature
increment employed (Fig. 4). However, the resolution increased with decreasing initial
temperature and remained approximately constant at initial temperatures ≤ 120°C. The
resolutions achieved with an initial temperature of 120°C and a temperature increment of 0.2°/
min were comparable to the resolutions achieved under isothermal conditions. However, the
retention times observed under these optimized conditions were longer compared to isothermal
conditions.
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3.6. Relationship between chemical structure and resolution of MeO-PCB atropisomers
PMCD-based chiral GC and HPLC columns, such as the Chirasil-Dex GC column and the
Nucleodex β-PM HPLC columns, have been shown to separate several PCB congeners [5,
37,43]. These studies suggest that there are some simple structural requirements that determine
if a particular PCB congener is separated on a PMCD chiral selector. As a rule of thumb, the
more lipophilic of the two phenyl rings of a PCB congener is thought to partition into the
lipophilic cavity of the PMCD [5]. Assuming such a preferred PCB-PMCD interaction, a 2,3-
substitution in the less lipophilic, free phenyl ring seems to be required for a PCB congener to
be resolved [5].

This rule of thumb seems to analogously explain why some, but not all lower chlorinated MeO-
PCBs can be separated on the Chirasil-Dex column. For example, in the case of tetra- and
pentachloro MeO-PCBs, the 3-MeO-2,4,6-trichlorophenyl moiety is more lipophilic (assessed
using the octanol-water partition coefficients of the corresponding benzene derivatives: log
Kow(C6H2Cl3OCH3) = 4.0; log Kow(C6H3Cl3) = 3.9; log Kow(C6H4Cl2) = 3.3, as estimated
using KOAWIN version 1.10 for EPI Suite version 3.20) and, therefore, expected to partition
into the PMCD cavity. As a result, the substitution pattern of the non-methoxylated, free phenyl
is expected to determine if a MeO-PCB can be separated by on PMCD selector. Consistent
with this above mentioned structural requirements, tetra- and pentachloro MeO-PCBs without
a 2,3-dichloro substitution pattern (i.e., 3-MeO-PCB 50, 3-MeO-PCB 100 and 3-MeO-PCB
103) were not resolved in our experiments, whereas 3-MeO-PCB 98 – the only tetra- or
pentachloro MeO-PCB with such a substitution pattern - was resolved. However, further
studies with a larger series of chiral MeO-PCBs are needed to confirm this explanation for the
separation of some MeO-PCB atropisomers.

3.7. Enantioselective formation of MeO-metabolites of PCB 136
Several studies have reported an enrichment of one PCB atropisomer in vivo. For example,
(+)-PCB 84 [15] and (+)-PCB 136 [10,11,13,14] was enriched in blood and tissues from mice,
whereas (−)-PCB 136 was enriched in trout [18]. (+)-PCB 139 was also significantly enriched
in liver from rats [16]. This enantiomeric enrichment is thought to be due to enantioselective
metabolism of the parent compound to MeSO2- and OH-PCBs. This explanation is supported
by several indirect observations. For example, PCB 136 atropisomers bind enantioselectively
to hepatic cytochrome P450 enzymes [12]. Furthermore, several studies have shown that
MeSO2-PCB metabolites are formed enantioselectively in rats [20,21]; however, it is unclear
if the enantioselective formation of MeSO2-PCBs is indeed the result of enantioselective
biotransformation in the liver. In contrast, the enantioselective formation of chiral OH-PCBs
has not been demonstrated in vitro and in vivo.

Here we employ the enantioselective separation of MeO-PCBs, as described above, to
investigate if OH-metabolites of PCB 136 (analyzed as their MeO-PCB derivative) are formed
enantioselectively in the liver of rats treated with racemic PCB 136. In addition to PCB 136,
we were able to detect and identify four OH-PCB 136 metabolites in the liver (Table 1). Based
on earlier in vitro metabolism studies [30,42], these metabolites are expected to be formed in
vivo. The levels of these OH-PCB metabolites were at least one order of magnitude lower
compared to PCB 136 levels, and there were no significant differences in PCB and PCB
metabolite levels between genders. This is not surprising based on earlier studies that showed
no gender specific difference in the enantioselective disposition of PCB 136 [13].

Enantioselective analysis showed that PCB 136 was near racemic in the liver of both male and
female rats. Similarly, several studies administering racemic PCBs intraperitoneally to mice
[13] or rats [9] show a less pronounced enantiomeric enrichment. Representative gas
chromatograms of the OH-PCB metabolites (analyzed as their MeO-PCB derivative) from
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male and female rats are shown in Fig. 5. As discussed above, the methylated derivatives of
4-OH- and 4,5-diOH-PCB 136 co-elute on the Chirasil-Dex column. Therefore, we were not
able to determine the EF of the methylated 4-OH-PCB 136 metabolite. However, the
methylated 3-OH-PCB 136 and 3-OH-PCB 150 metabolites showed a clear enantiomeric
enrichment (Fig. 5 and Table 1). There appears to be a small, gender specific difference in the
EF values. These observations demonstrate for the first time that OH-PCB metabolites of PCB
136 are formed enantioselectively in the liver of male and female rats. Alternatively, the
enantiomeric enrichment of the OH-PCB metabolites may be due to enantioselective transport
processes and/or phase II metabolism of the OH-PCB. Similarly, Hühnerfuss and co-workers
have reported that the enantiomeric enrichment of 3-MeSO2-PCB 149 in rats was due to
enantioselective preferential transformation of an intermediate metabolite and not
enantioselective phase I metabolism of PCB 149 [50].

4. Conclusions
Chiral OH-PCBs are analytes of interest for both environmental and toxicological studies.
Because they are typically methylated with diazomethane prior to their gas chromatographic
analysis, the present study investigated the enantioselective separation of a series of chiral
MeO-PCB metabolites. Several hexachloro- and one pentachloro-MeO-PCB could be
separated on the chemically bonded β-cyclodextrin Chirasil-Dex column, with resolutions
ranging from 0.42–0.87 under isothermal and 0.42–0.79 under temperature programmed
conditions. Similar to PCBs, the presence of a 2,3 substitution pattern in the less lipophilic
phenyl ring (i.e., the ring that does not partition into the lipophilic cavity of the PMCD chiral
selector) appeared to be a structural requirement for enantioselective separation on the Chirasil-
Dex column. The enantioselective separation was used to study the enantiomeric enrichment
of OH-PCB 136 in the liver of male and female rats. Two hydroxylated metabolites of PCB
136 were formed enantioselectively, whereas PCB 136 itself was near racemic. Overall,
enantioselective gas chromatography with the Chirasil-Dex column can be used for further
investigations of the enantioselective formation of OH-PCB metabolites in vitro and in vivo.
One caveat of this approach is that the resolutions are relatively poor and the analysis is time
consuming.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Structure and abbreviation of chiral MeO-PCBs studied: (A) MeO-PCB derivatives with a 3-
MeO-2,4,6-trichloro substitution pattern and (B) PCB 136 and its MeO-derivatives. The MeO-
PCB derivatives correspond to putative OH-PCB metabolites of chiral PCB congeners and are
named as suggested by Maervoet and co-workers [51].
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Fig. 2.
The separation of MeO-PCB atropisomers with a 3-MeO-2,4,6-trichloro substitution pattern
improved with decreasing temperature and increasing peak half-width during isothermal gas
chromatographic analysis. (A) Representative gas chromatogram at 150°C (see Fig. 3A for 3’-
MeO-PCB 150), (B) temperature-dependent decrease in resolution and (C) peak half-width-
dependent increase in resolution of selected 3-MeO-2,4,6-trichloro substituted PCBs. No
resolution was observed for 3-MeO-PCB 50, 3-MeO-PCB 100, 3-MeO-PCB 103 and 3’-MeO-
PCB 140 at 150°C. The gas chromatographic conditions were as follows: helium flow: 65 cm/
s (3 ml/min); inlet and detector temperature: 250°C.
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Fig. 3.
The enantioselective separation of chiral MeO-metabolites of PCB 136 improved with
decreasing temperature and increasing peak half-width during isothermal gas chromatographic
analysis. (A) Representative gas chromatogram at 150°C, (B) temperature-dependent decrease
in resolution and (C) peak half-width-dependent increase in resolution of MeO-metabolites of
PCB 136. Data for 3’-MeO-PCB 150 are also shown in Fig. 2. The data for non-resolved 4,5-
diMeO-PCB 136 are omitted for clarity reasons in (B) and (C). The gas chromatographic
conditions were as follows: helium flow: 65 cm/s (3 ml/min); inlet and detector temperature:
250°C.
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Fig. 4.
The enantioselective separation of MeO-PCB atropisomers improved with decreasing initial
temperature and smaller temperature increments. (A) 3-MeO-PCB 98; (B) 3’-MeO-PCB 150;
(C) 3’-MeO-PCB 154; (D) 4-MeO-PCB 136. The gas chromatographic conditions were as
follows: helium flow 65 cm/s (3 ml/min), inlet and detector temperature 250°C (Please see
Supplementary Figure S2 for a plot of the resolution versus the temperature increment for
different initial temperatures).
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Fig. 5.
The second eluting enantiomer (E2) of 3’-MeO-PCB 150 and 5-MeO-PCB 136 was enriched
in the liver of male (A) and female (B) Sprague-Dawley rats. Rats received two intraperitoneal
injection of racemic PCB 136 (2 × 100 µmol/kg body weight, 2 × 36.1 mg/kg body weight)
dissolved in corn oil (5 ml/kg body weight) on day 1 and 4, and were euthanized on day 7. IS
= internal standard (PCB 204).
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Table 1
Concentrations and enantiomeric fractions of PCB 136 and its OH-PCB metabolites in the liver of male and female
ratsa,b

PCB or OH-PCB
metabolite

Male rats Female rats

Concentrationc [ng/g
wet weight]

Enantiomeric fractiond Concentrationc [ng/g
wet weight]

Enantiomeric fractiond

PCB 136 5000±1600 0.49±0.01&& 5000±1200 0.49±0.00&&
3’-OH-PCB 150 19±3 0.41±0.03&&& 14±3 0.23±0.02&&&
4-OH-PCB 136 107±40 n.d. 61±12 n.d.
5-OH-PCB 136 530±230 0.36±0.03&&& 341±120 0.38±0.03&&& ***
4,5-diOH-PCB 136 104±30 n.d. 50±14 n.d.

a
Rats received two intraperitoneal injections of racemic PCB 136 (36 mg/kg body weight in corn oil, 100µmol/kg body weight) on day 1 and 4, and were

sacrificed on day 7

b
OH-PCB 136 metabolites were quantified as the corresponding MeO-derivatives [38]

c
PCB 136 and its OH-PCB metabolites were quantified as described previously [39]

d
The enantiomeric fraction EF was calculated as EF=Area(1)/(Area(1)+Area(2)) for 3’-OH-PCB 150 and as EF=Area(+)-PCB136/

(Area(+)-PCB136+Area(−)-PCB136) for PCB 136 [37]

n.d. = not determined due to coelution with another metabolite

&&
different from racemic (EF = 0.50), one-sample, one-sided t-test, 95% confidence level, p<0.01

&&&
different from racemic (EF=0.50), one-sample, one-sided t-test, 95% confidence level, p<0.001

***
different from male animals, two sample t-test, 95% confidence level, p<0.001.
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