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Abstract

Polychlorinated biphenyl IUPAC# 101-PCB 101 (chlorination pattern-2,2 0,4 0,5,5 0) is a common, persistent non-coplanar PCB con-
gener found in the ambient environment but information related to its metabolism in humans is lacking. Previous studies indicate
PCB 101 is rapidly metabolized in mammals through CYP 2B and 3A family enzymes. Recently, PCB metabolism through a 2A family
isoform in hamsters was also reported. To specifically identify the human CYP 450 isoforms responsible for PCB 101 metabolism, we
compared human microsome metabolism to metabolism using several specific recombinant human CYP isoforms. These data character-
ized selective and extensive metabolism by human CYP 2A6. The product formed was the 4-hydroxy-PCB 101 metabolite (4-hydroxy-
2,2 0,4 0,5,5 0) and was the only major metabolite observed in the recombinant and human microsome investigation. This is important
information for predicting human specific toxicokinetics of PCBs.
� 2006 Elsevier Inc. All rights reserved.
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The environmental impact of polychlorinated biphenyls
(PCBs) has been studied for over 30 years. They are recog-
nized as one of the most important environmental contam-
inants by environmental agencies throughout the world
including the EPA, ATSDR, WHO, and IJC [1–6]. Numer-
ous studies describing their metabolism in plants and
animals as well as disposition in biological and environ-
mental matrices have been published and reviewed [7].
PCB 101 was a major pentachlorinated non-coplanar
PCB congener found in the original commercial PCB
mixtures and is resistant to environmental degradation. In
contrast to other heavily chlorinated PCB congeners, PCB
101 is rapidly metabolized in mammals [7–20]. However, ele-
vated levels of PCB 101 were observed in our cohort of Afri-
can American women. This could have occurred due to
elevated/recent exposure or reduced metabolism. Numerous
studies have been conducted in different animal species to
0006-291X/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2006.03.122

* Corresponding author. Fax: +1 312 413 2777.
E-mail address: dpwaller@uic.edu (D.P. Waller).
investigate metabolite identity, kinetics, and comparative
metabolism of PCBs [8,14,19,21–23]. However, data per-
taining to human metabolism of PCBs, and PCB 101 specif-
ically, are lacking [1].

PCBs are metabolized by cytochrome P450 (CYP 450)
enzymes forming arene oxide and hydroxylated metabo-
lites. Hydroxyl and methylsulfone PCB metabolites have
also been recovered from human tissues [24,25]. Persistence
of PCB metabolites in tissues varies by parent PCB conge-
ner and specific metabolite. Methylsulfone PCBs are excep-
tionally persistent metabolites formed through epoxide
formation via CYP 450 followed by further metabolism
through the mercapturic acid pathway to a methylthio
metabolite which is oxidized to methylsulfinyl and meth-
ylsulfonyl metabolites [26,27]. One of the most persistent
methylsulfone PCB metabolites is believed to be derived
from PCB 101 [22]. This metabolite has been found in
numerous animal species as well as humans.

Few studies of specific PCB congener metabolism by
human isoforms have been published. Ariyoshi et al. [17]

mailto:dpwaller@uic.edu


130 J.E. McGraw Sr., D.P. Waller / Biochemical and Biophysical Research Communications 344 (2006) 129–133
and Schnellman et al. [28] studied PCB 153 metabolism by
recombinant microsomes containing human CYP 2B6. The
authors found conflicting results for the metabolism of this
congener which is known to be resistant to metabolism.
Ariyoshi et al. reported metabolites of PCB 153 by human
CYP 2B6 with a low reaction rate (6.4 pmol/min/nmol
CYP 450) while Schnellman et al. did not report a metab-
olite. Previous animal studies had shown involvement of
CYP 2B and 3A family enzymes in PCB metabolism. How-
ever, Koga et al. [29], recently described a CYP 2A family
enzyme involved in PCB metabolism in hamsters. Our data
identify the specific CYP 450 isozyme responsible for the
metabolism of the PCB 101.

Materials and methods

Materials. 2,2 0,4,5,50-PCB IUPAC# 101, 4-hydroxy-2,2 0,4,5,50-PCB
101, and 3-hydroxy-2,2 0,4,5,5 0-PCB 101 neat standards were obtained
from Accustandard Inc. (New Haven, CT). Solvents used were of
pesticide grade when available. Microsomal preparations were obtained
from BD Biosciences GENTEST (Woburn, MA). Pooled human liver
microsomes (HLM’s) were obtained with characterization of enzyme
activity by CYP 450 specific substrate probes. BD Biosciences Gentest
Supersomes are recombinant human CYP isoforms with CYP 450
Reductase created from baculovirus transfected insect cells. Specific
human CYP isoforms were obtained with cytochrome b5 where avail-
able as cytochrome b5 has been shown to increase enzyme activity. The
specific Gentest supersomes obtained were CYP 2A6 + b5, 2B6 + b5,
2C8 + b5, 2C9 + b5, 2C18, 2C19 + b5, 3A4 + b5, 3A5 + b5 (1 nmol
P450 in 1 ml) and BD Supermix (CYP 1A2, 2C8, 2C9, 2C19, 2D6, 3A4,
1 nmol P450 in 0.5 ml).

Incubations. PCB 101 hydroxylase activity was determined from
screening incubations using Gentest Supersomes and human microsomes
followed by kinetic evaluations with specific Gentest Supersomes. An
NADPH generating solution was created by mixing 20 ll of 20 mg/ml
G6P (1.32 mM), 20 mg/ml NADP (0.5 mM), 13.3 mg/ml MgCl2 Æ 6H20
(1.32 mM), and 5 ll of 40 U/ml G6PDH in 5 mM sodium citrate (tribasic)
(0.2 U/ml) in a 1.5 ml microcentrifuge tube. Sufficient buffer (Hepes 0.1 M
or potassium phosphate 0.05 M) was added to a PCB 101 substrate
solution (30 mM) and the NADPH generating system to make 1 ml of
reaction volume (Final 0.3 mM PCB 101) and pre-warmed to 37 �C. PCB
standard was created by dissolving neat PCB 101 in DMSO. Final PCB
101 concentration was 300 lM in screening incubations while for kinetic
incubations it ranged from 0.3 to 300 lM. DMSO was kept at 1% v/v for
each incubation. Ten microliters of Supersomes (0.075 mg, 10 pmol) or
HLMs (0.2 mg, 76 pmol) was used for screening runs. For kinetic runs,
reactions were initiated with 10 ll (0.075 mg,10 pmol) or 5 ll (0.0375 mg,
5 pmol) of supersomes added to warm reaction mixtures and the reaction
mixture was incubated for 1 h at 37 �C in a VWR 1100 water bath. The
reactions were stopped by adding 100 ll of conc. sulfuric acid and 0.5 ml
of a 2:1 chloroform:methanol solution. The entire mixture was then added
to a disposable glass culture tube. The microcentrifuge tube was rinsed
with 1.5 ml of hexane which was transferred to the culture tube. The glass
culture tube was vortexed and the organic fraction was extracted into
another glass tube. The rinsing and extraction were repeated two more
times. The organic fraction was then blown down under gentle N2.
Samples were reconstituted in 1 ml hexane for GC analysis. Control
incubations were conducted for each set of incubations and included
Insect Control, BD Supersomes� Enzymes Cat. No. 456201 (formerly
P201), and identical reaction conditions as above except for the addition
of concentrated sulfuric acid at time 0.

GC analysis. Analyses were performed using an HP 5890 Series II gas
chromatograph with ECD detection. Grade 6 (ultrapure) helium was the
carrier gas (flow rate 2 ml/min) with methane/argon makeup. The column
was a J&W Scientific DB5 column (30 m · 2.5 lm). The temperature
program was as follows; inlet 260 �C, detector 300 �C, initial temp: 150 �C
time 4 min, 8 �C/min to 280 �C for 5 min.

GC–MS analysis. Ten incubation mixtures of 2A6 kinetic assays were
combined and blown down to �1 ml hexane. One ml of tetrabutyl
ammonium hydroxide (1 M) was added to mixture and 3 ml of purified
deionized water. Three microliters of hexane was added to the mixture and
vortexed thoroughly. Hexane was extracted off the aqueous phase thrice.
Then 1 ml of concentrated sulfuric acid 18 N was added slowly twice to the
aqueous phase. After cooling, the aqueous phase was extracted thrice with
1 ml hexane. The organic sample containing hydroxyl PCB metabolites
was submitted for GC–MS analysis. Mass spectral analysis was performed
using a JEOL GCMate II, LRGCEI mass range 50–550, source temper-
ature 230, acceleration voltage 2500, and mass resolution 500. The GC
was an HP 6890 equipped with a DB-5 fused silica DB5 capillary column
(30 m · 0.25 mm id, 0.25 lm film thickness) from J&W Scientific Inc.
(Folsom CA, USA). The oven temperature was programmed as follows:
80 �C (1 min)–10 �C/min–300 �C (30 min). Helium was used as the
carrier gas.

Kinetic evaluations. Incubations as described above were performed
with concentrations from 0.3 to 300 lM of PCB 101 along with two runs
at 5 pmol of Gentest CYP 2A6 + b5 Supersomes and three runs with
10 pmol of Supersomes under the incubation conditions described above.
Calculations for the apparent Km (±SE) and Vmax (±SE) were performed
by plotting Hanes plots of substrate concentration/reaction rate versus
substrate concentration.

Results and discussion

HLMs were evaluated for their ability to produce a PCB
101 metabolite. One predominant metabolite was observed
by GC–ECD analysis. CYP 450 Supersomes were then
used to determine the specific CYP isozyme(s) responsible
for the production of this metabolite. The results of screen-
ing individual isoforms for PCB 101 hydroxylase activity
are shown in Fig. 1. Gentest supersomes tested also includ-
ed supermix (CYP 1A2, 2C8, 2C9, 2C19, 2D6, and 3A4)
which did not yield any identifiable products. Individual
isoforms tested included (CYP 3A4, CYP 3A5, CYP
2A6, CYP 2B6, CYP 2C8, CYP 2C9, CYP 2C18, and
CYP 2C19). Three supersomes were identified as producing
PCB 101 metabolites. CYP 3A4 and CYP 2C18 produced
minimal amounts of a metabolite while the greatest
amount of metabolite was produced by the CYP 2A6
isozyme.

The PCB 101 metabolite produced by the CYP 2A6 iso-
zyme was identified as the 4 0-hydroxy-2,2 0,4,5,5 0-pentachlo-
robiphenyl PCB through retention time matching to
standards and confirmation by GC–MS fragmentation pat-
terns. Retention time matching with GC–ECD indicated
the PCB 101 metabolite produced by the CYP 3A4 and
the CYP 2C18 isozymes were identical to that produced
by CYP 2A6.

There is strong agreement between the PCB 101 hydrox-
ylase activities of HLMs versus recombinant CYP 2A6 (see
Fig. 2). Based on manufacturer provided reaction rates for
the CYP 2A6 specific reaction (coumarin 7-hydroxylase),
and the concentrations of P450 in the microsomes, the frac-
tional activity of CYP 2A6 as pmol CYP 2A6 in the HLMs
is 5%. Assuming CYP 2A6 represents 5% of the picomoles
in our HLM reaction rate (in pmol/min/pmol CYP 2A6),
reaction rates for CYP 2A6 in HLMs and CYP 2A6
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Fig. 1. Specific human CYP 450 isoforms (10 pmol recombinant Gentest microsomes) were incubated with PCB 101 (300 lM) with a NADPH
regeneration system. Metabolites were analyzed by GC with ECD detection.

PCB 101 Hydroxylase Activities of HLMs versus
Recombinant CYP 2A6
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Fig. 2. Human CYP 2A6 isoform (10 pmol recombinant Gentest micro-
somes) and pooled Human Liver microsomes (HLMs) (76 pmol) were
incubated with PCB 101 (300 lM) with a NADPH regeneration system.
Metabolites were analyzed by GC with ECD detection. Activity of the
HLMs is corrected according to reaction phenotyping for 2A6 (5%) in the
total cytochrome P450 activity.

Kinetic Curve of PCB 101 2A6 Metabolism
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Fig. 3. The curve above represents PCB 101 conversion to 4-OH PCB 101.
Mean reaction rates are bracketed by ±one standard deviation.
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specific Gentest Supersomes were 0.51(±0.10) vs.
0.51(±0.17) pmol/min/pmol CYP 2A6, respectively. These
values do not differ by statistical testing (t test, p < 0.01).
CYPs 3A4 and CYP 2C18 also metabolize PCB 101
although to much less an extent than CYP 2A6 (Fig. 1).
Even though CYP 3A4 is a major hepatic enzyme in liver
and intestine [30], the identical rate of PCB 101 metabolism
for recombinant 2A6 and in HLMs attributable to 2A6
indicates PCB 101 is a poor substrate for CYPs other than
human CYP 2A6. Coumarin 7-hydroxylase is considered
quite specific to CYP 2A6. The data shown indicate PCB
101 metabolism is of the same order of specificity.

In vivo PCB 101 metabolism will most likely occur pri-
marily via the isoform CYP 2A6. The contribution of other
isozymes to PCB 101 metabolism is negligible, even at the
high substrate concentrations in our evaluations. There-
fore, other isoforms would contribute very little to the
overall metabolism of PCB 101 at the very low PCB con-
centrations found in human tissues.

A Michaelis–Menten kinetic plot of human CYP 2A6
Gentest microsome PCB 101 conversion to 4-OH PCB
101 is presented in Fig. 3. Two concentrations (5 and
10 pmol) of microsomal protein were evaluated and dem-
onstrated linearity of metabolite produced over the range
tested. The data appear to follow Michaelis–Menten
kinetics.

The Km and the Vmax of PCB 101 metabolism by CYP
2A6 were determined using human CYP 2A6 supersomes.
The Hanes plot presented in Fig. 4 is a linearized represen-
tation of the data fit to the Michaelis–Menten model. The
strong R2 value (>0.99) indicates good agreement of data
with a Michaelis–Menten model. The apparent Km

[34(±5) lM] is the X-intercept. The slope is the inverse
Vmax apparent [0.65(±0.04) pmol/min/pmol CYP 450].

The results of this paper are consistent with those of
Koga et al. who showed remarkably similar results for



Hanes Plot of PCB 101 Metabolism by Human CYP 2A6 Supersomes
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Fig. 4. Data are based on incubations with 2A6 supersomes. The Hanes plot is a linearized representation of the data fit to the Michaelis–Menten model.
The R2 value (>0.99) indicates good agreement of data with a Michaelis–Menten model.
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PCB 52 (2,5,2 0,5 0-tetrachlorobiphenyl) metabolism by
hamster liver CYP 2A8 [29]. PCB 52 is homologuous to
PCB 101 with respect to metabolism as it shares the same
chlorination pattern of the ring which is selectively metab-
olized in PCB 101. The 2,5 chlorination ring pattern is
metabolized because its vicinal meta, para carbons are
open to oxidation by CYP 450 through an epoxide inter-
mediate. CYP 2A8 is a known homologue of human
CYP 2A6 with similar metabolism of nicotine to human
2A6. Similar to our data, Koga et al. showed preferential
formation of the 4-hydroxy metabolite, which they believed
was formed through a 3-4 arene oxide intermediate. They
showed a decrease in product formation by addition of
serum, which inhibits arene oxide intermediate formation.
Arene oxide derived metabolites have also been isolated
from the urine of primates dosed with PCB 52 [31]. Future
studies may provide further insight into the mechanism of
human CYP 2A6 metabolism of PCB 101.

Based on animal experiments reported and reviewed in
the literature, CYPs from the 3A and 2B family were ini-
tially suspected as being responsible for PCB 101 metabo-
lism [7]. A previous study also showed human CYP 2B6
metabolized PCB congener 153 [17]. However, screening
and extensive evaluations of enzyme incubations clearly
indicated CYP 2B6 was not responsible for the metabolism
of PCB 101. Screening incubation data and individual
kinetic experiments presented in this manuscript strongly
demonstrate the metabolism of PCB 101 by CYP 2A6 is
specific and extensive.

Reduced nicotine clearance in African Americans has
recently been associated with altered CYP 2A6 metabo-
lism. We have also observed elevated PCB 101 levels in
the Chicago Great Lakes African American Cohort and
other published cohorts with African ancestry. These
observations are consistent with reduced metabolism of
CYP 2A6 substrates in African Americans.
These data identify recombinant human CYP 2A6 as the
human CYP isoform responsible for the metabolism of
PCB 101. This CYP was not expected to metabolize PCB
101 based upon previous animal studies which demonstrat-
ed PCB 101 metabolism by 2B and 3A family enzymes. The
lack of any appreciable metabolism by other CYP isoforms
provides strong evidence that the human metabolism of
PCB 101 is exclusively mediated by CYP 2A6. This is the
first study to match a specific human CYP isoform respon-
sible for the selective metabolism of an individual PCB
congener.
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