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Abstract
Polychlorinated biphenyls (PCBs) are legacy pollutants that exert toxicities through various
mechanisms. In the recent years exposure to PCBs via inhalation has been recognized as a hazard.
Those PCBs with lower numbers of chlorine atoms (LC-PCBs) are semi-volatile, and have been
reported in the urban air, as well as in the indoor air of older buildings. LC-PCBs are bioactivated
to phenols and further to quinone electrophiles with genotoxic/carcinogenic potential. We
hypothesized that phenolic LC-PCBs are subject to conjugation and excretion in the urine. PCB3,
often present in high concentrations in air, is a prototypical congener for the study of the
metabolism and toxicity of LC-PCBs. Our objective was to identify metabolites of PCB3 in urine
that could be potentially employed in the estimation of exposure to LC-PCBs. Male Sprague
Dawley rats (150–175 g) were housed in metabolism cages and received a single intraperitoneal
injection of 600 µmol/kg body weight of PCB3. Urine was collected every four hours; rats were
euthanized at 36 h and serum was collected. LC-MS analysis of urine before and after incubation
with β-glucuronidase and sulfatase showed that sulfate conjugates were in higher concentrations
than glucuronide conjugates and free phenolic forms. At least two major metabolites, and two
minor metabolites were identified in urine that could be attributed to mercapturic acid metabolites
of PCB3. Quantitation by authentic standards confirmed that approximately 3% of the dose was
excreted in the urine as sulfates over 36 hours; with peak excretion occurring at 10–20 h after
exposure. The major metabolites were 4’PCB3 sulfate, 3’PCB3 sulfate, 2’PCB3 sulfate, and
presumably a catechol sulfate. The serum concentration of 4’PCB3 sulfate was 6.18±2.16 µg/mL.
This is the first report that sulfated metabolites of PCBs are formed in vivo. These findings
suggest a prospective approach for exposure assessment of LC- PCBs by analysis of phase II
metabolites in urine.
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Introduction
Polychlorinated biphenyls (PCBs) are anthropogenic chemicals that fall in the category of
persistent organic pollutants (POPs) since they are not readily degraded by physical or
biological processes.1 Environmental persistence of POPs is further enhanced by bio-
accumulation and bio-magnification in higher trophic levels of food chain due to their
lipophilic properties.2 As PCBs are resistant to heat and degradation, they were widely used
in transformer oil in the electrical industry during the first half of twentieth century.3 They
were also incorporated into numerous other products for their plasticizing and lubricating
properties.4 Although many countries banned the production of PCBs in the late 1970s, their
uses continue in closed system applications and legacy pollution persists.5–7 As a result,
PCBs are detectable even today in places where point release never occurred.8

Exposure to PCBs occurs by consumption of food, primarily from fish raised in
contaminated water.9 An additional exposure via inhalation has been recognized in recent
years in both indoor and outdoor settings.10, 11 Concentration of PCBs in the air of Chicago
urban area has been reported in the range of 75–5500 pg/m3.12, 13 A pilot study of five
public elementary schools conducted by EPA and the New York City School Construction
Authority in 2011 and 2012 identified elevated PCB indoor air concentrations in numerous
classrooms.14 Students attending school in these classrooms would be inhaling
approximately six times more PCBs than they receive from dietary sources (Personal
communication-Mark Maddaloni, USEPA). These measurements have raised a new interest
in the metabolism and toxicity of airborne PCBs.

Airborne PCBs are mostly mono- to tetra- chlorinated, lower chlorinated congeners (LC-
PCBs).11, 15 PCB3, itself found in high concentration in indoor and outdoor air,11, 16 serves
as a prototype for studies of metabolism, bioactivation and toxicity of LC-PCBs.17–21

Metabolism of PCB3 to phenolic forms is carried out by cytochrome P450 isoforms.22, 23

Two phenolic metabolites, 4’-OH-PCB3 and 3’,4’-diOH-PCB3, have been reported in urine
as major biotransformation products of PCB3 in rats and pigs.18, 19 At least two other mono-
and dihydroxylated products have been reported to be generated when PCB3 was incubated
with liver microsomes in vitro.22 Oxidative metabolism of PCB3 involves the formation of
arene oxide intermediate.21 Further bioactivation may occur by oxidation of dihydroxylated
metabolites by peroxidases to quinone and semi-quinone intermediates.24, 25 Both arene
oxide and quinone forms of PCB3 are strong eletrophiles with a potential to form adducts to
sulfur and nitrogen nucleophiles in proteins and DNA.26–28 This may lead to structural
dysfunction, oxidative stress and toxicity.29–31 Overall, exposure of different cell types to
mono- and dihydroxylated PCB3 metabolites has resulted in various forms of genotoxicity,
such as induction of polyploidy,32 inhibition of cell proliferation by alternation in ROS
signaling,33 micronuclei formation, and telomere shortening.34 Genotoxic effects of PCB3
and 4’-OH-PCB3 metabolite have also been demonstrated in vivo.35–39

Exposure assessments for PCBs, in general, are carried out by measuring the serum level of
PCBs or their hydroxylated metabolite(OH-PCBs).40, 41 The OH-PCBs most persistent in
serum are penta through hepta chlorinated congeners.42 Metabolically active PCBs are less
persistent in the serum; and only a few studies have been designed to detect LC-PCBs or
their hydroxylated forms in the serum of populations at risk.43 Although bioactivation of
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LC-PCBs to potential carcinogens has been understood in some detail, the conjugation and
detoxification of LC-PCB metabolites has not been as fully explored. Several in vitro studies
describe that hydroxylated LC-PCBs may be substrates for glucuronidation,44, 45 and
sulfation.46–48 But very few reports exist in the literature of their quantification in vivo.49 As
a result, accurate exposure assessments for LC-PCBs remain elusive.

We hypothesized that hydroxylated LC-PCBs are less retained in the serum because they are
biotransformed to conjugates and excreted. Our objective was to identify the final
metabolites of PCB3 in the urine that could be potentially employed in the analysis of
exposure to LC-PCBs. We found that sulfated forms were the major metabolites, and were
present in several fold higher concentration than hydroxylated metabolites in both urine and
serum.

Materials and Methods
Chemicals and reagents

Authentic standards and internal standards (IS) used in this study are shown in Figure 1.
Previously described methods were used for the synthesis of PCB3,36 hydroxylated PCB3,22

and sulfated-PCB3.50 HPLC grade solvents used for extraction and LC/MS analysis were
obtained from Fisher Scientific Co. (St. Louis, MO). Sulfatase (sulfatase type H-2 crude
solution from Helix Pomatia), glucuronidase (β-glucuronidase type XI from Escherichia
coli), and D-sachharic-1,4-lactone were obtained from Sigma-Aldrich (St. Louis, MO).
Isolute SLE+ 400 array wells were purchase from Biotage LLC (Charlotte, NC). All other
chemicals were of the highest purity commercially available.

The F-tagged 3-F,4’-OH-PCB3 IS was synthesized by Suzuki-coupling of 1-bromo-3-
fluoro-4-chlorobenzene and 4-methoxyphenylboronic acid,51 followed by demethylation
with BBr3.52 3-F,4’-OH-PCB3 was subsequently converted via the corresponding 2,2,2-
trichloroethyl-protected sulfate diester into the F-tagged 3-F,4’PCB3 sulfate IS.53

4’-Chloro-3’-fluoro-biphenyl-4-yl 2,2,2-trichloroethyl sulfate
White solid. Yield: 87%. mp: 85–86 ºC; 1H NMR (400 MHz, CDCl3): δ/ppm 4.85 (s, 2H,
CH2), 7.26 (ddd, 1H, J = 2.0 Hz, J = 8.4 Hz), 7.32 (dd, 1H, J = 2.0 Hz, J = 10.0 Hz), 7.42
(AA´XX´ system, 2H), 7.45 (pseudo t, 1H, J ~ 8 Hz), 7.58 (AA´XX´ system, 2H). 13C NMR
(100 MHz, CDCl3): δ/ppm 80.6, 92.4, 115.4 (d, J = 22 Hz), 120.9 (d, J = 18 Hz), 121.8,
123.5 (d, J = 3 Hz), 128.8, 131.2, 138.9, 140.1 (d, J = 7 Hz), 150.0, 158.5 (d, J = 247 Hz).
EI-MS m/z (relative intensity, %): 434 (5, C14H9Cl4FO4S•+), 222 (100), 193 (47), 157 (45),
131(18), 96 (38), 61 (56).

Sulfuric acid mono-(4’-chloro-3’-fluoro-biphenyl-4-yl) ester, ammonium salt (3-F,4’PCB3
sulfate)

White solid. Yield: 85%. mp: 140 ºC (dec.); 1H NMR (400 MHz, CDCl3): δ/ppm 7.39 (AA
´XX´ system, 2H), 7.43 (dd, 1H, J = 2.0 Hz, J = 8.4 Hz), 7.49–7.54 (m, 2H), 7.55–7.57 (AA
´XX´ system, 2H). 13C NMR (100 MHz, CDCl3): δ/ppm 115.8 (d, J = 21 Hz), 120.4 (d, J =
17 Hz), 123.0, 124.6 (d, J = 4 Hz), 128.8, 132.0, 136.5, 142.9 (d, J = 6 Hz), 154.2, 159.6 (d,
J = 245 Hz). HRMS m/z: calculated for C12H7F35ClS: 300.9748, found: 300.9743.

Animals
All animal experiments were conducted with approval from the Institutional Animal Care
and Use Committee of the University of Iowa. Six male Sprague Dawley (SD) rats,
weighing 150–175 g, were purchased from Harlan Sprague-Dawley (Indianapolis, IN). They
were individually housed in wire-floor metabolism cages in a controlled environment
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maintained at 22°C with a 12h light-dark cycle, and water and feed ad libitum. After
acclimatization for a week, animals were randomly divided into two groups. Three animals
received single dose of 600 µmol (112 mg)/kg body weight of PCB3 in corn oil via
intraperitoneal injection. This dose has its origin in a study by Espandiari et al,36 in which
the parent compound, PCB3, was dosed at this level and the metabolites were administered
in diminishing doses. It was further adopted by Lehmann et al,37 for the in vivo mutagenesis
assay. Therefore, this dose was adopted in the present study to identify the metabolites.
Three control animals received corn oil at 5 mL/ kg body weight. Urine and feces were
collected in vials attached to metabolism cages every four hours over 36h. Immediately after
collection both urine and fecal samples were transferred to polypropylene tubes (no
preservatives added) and kept frozen at −20°C until extraction. Animals were euthanized
after 36 h using carbon dioxide asphyxiation followed by cervical dislocation. Blood was
collected from the right atrium at time of necropsy in a vacutainer containing clot activators
(BD vacutainer, Franklin Lakes, NJ); centrifuged at 5000×g for 10 min; serum was
transferred to polypropylene micro-centrifuge tubes; and stored at −20°C until extraction.

Extraction of sulfates from urine, serum and feces
A method for simultaneous extraction of hydroxylated and sulfated metabolites of PCB3
was developed. A composite urine sample was prepared by taking 10% wet weight of urine
collected at each time point. A composite or single time point urine sample (50 µL) was
spiked with 50 µL (500 ng) internal standard, and diluted with equal volume of 1% formic
acid. It was applied to a 400µL capacity SLE+ column and eluted with 750 µL ethyl acetate
three times as described in the manufacturer’s instructions. Ethyl acetate extract was blown
to dryness and reconstituted in 200 µL acetonitrile: water (35:65, v/v).

Serum (200 µL) was spiked with 50 µL (500 ng) internal standard, and acidified with an
equal volume of 1% formic acid. An equal volume of acetonitrile was added followed by
incubated for 2 hours at −20°C for protein precipitation. The mixture was centrifuged at
15000×g for 15 minutes at 4°C and the liquid fraction was transferred to a glass vial
containing 0.05 g NaCl and 0.15 g MgSO4. After thoroughly mixing by shaking and
vortexing for one minute, the mixture was centrifuged again at 5000×g for 5 minutes to
visibly separate aqueous and organic phases. Acetonitrile extract was blown to almost
dryness under a gentle stream of nitrogen and reconstituted in 30 µL methanol. It was further
diluted to 300 µL with 1% Formic acid. Finally, a cleanup was carried out by supported
liquid extraction (SLE+) column chromatography as described for urine.

Feces collected at each time point were resuspended in potassium phosphate buffer (0.1 M,
pH 6.8) to make a suspension of 20 %, w/v; and centrifuged at 2000×g for 5 minutes.
Supernatant was transferred into clean tubes. A composite fecal sample was prepared by
taking 10% of wet weight, and 500 µL was processed in the same way as serum.

Enzyme incubation
Urine (50 uL) was diluted 1:1 with 0.1 M potassium phosphate buffer (pH 6.8) and
incubated with β-glucuronidase (5 µL, 385 IU) or sulfatase (10 µl, 25 IU) as described
previously.54 Sulfatase used in this study has some glucuronidase impurities, and this
activity was inhibited by D-sachharic acid-1,4-lactone (20 mM in the final reaction mixture).
Enzyme incubation was carried out at 37°C for 4 hours in a water bath. The reaction was
stopped by adding an equal volume of 1% formic acid (v/v), followed by addition of internal
standards and extraction as described above.
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Liquid chromatography-Mass spectrometry
Qualitative analysis was carried out on LCQ Deca (Thermo Scientific, San Jose CA) mass
spectrometer connected to an Ulitmate 3000 LC (Dionex). The conjugated metabolites were
separated on a Supelcosil™ C18 column (25cm × 4.6 mm, 5µm) using a previously
described method with a modification.55 Mobile phases were 10 mM ammonium acetate at
pH 6.8 (A) and acetonitrile (B). At a flow rate of 0.5 mL/min, solvent B was initially held at
20% for 5 min, increased to 50% B over 30 min, and finally increased to 85% B for 10 min.
MS data were collected in full scan mode from m/z 150 to 700. Negative electrospray
ionization was used with capillary temperature at 250°C, capillary voltage of 4.0 kV, and
nitrogen sheath and auxiliary gas glows set to 65 and 25 (arbitrary units), respectively.

Quantification of sulfates was carried out in an ultra-performance liquid chromatography
interfaced with a triple quadrupole mass spectrometer (Acquity TQD, Waters, USA).The
same column and mobile phases were used as described above, but the chromatographic
separation was carried out isocratically at 35% B for 15 minutes. The flow rate was 0.8 mL/
min. The mass spectrometer was used in single ion recording (SIR) mode to monitor the (M-
H)− ions of interest (m/z 283, 299 and 301). Other mass spectrometer settings included the
source temperature 120°C, desolvation gas temperature 600°C, capillary voltage 2.6 kV,
cone voltage 35 V, cone gas flow 100 L/h and desolvation gas flow 600 L/h.

Monohydroxylated PCB3 was analyzed on an Acquity TQD using a BEH C18 column (2.1
×10 mm, 1.7 µm) by using a previously described method with a modification.56 Mobile
phases were 0.1% ammonium hydroxide in water at pH 10.5 (A) and acetonitrile (B). At a
flow rate of 0.150 µL/min, solvent B was initially set to 15% for 3 min then increased to
100% over 5 min. The MS settings were the same as used for sulfates except SIR was set for
m/z 203 and 221.

Analysis, Quality control, and Quality assurance
Sample analysis was carried out by calibration curve ranging from 10–100 ng/mL for
2’pCB3 sulfate, 20–800 ng/mL for 3’PCB3 sulfate, and 100–2000 ng/mL for 4’PCB3
sulfate with good linearity (R2> 0.995). The limit of detection (LOD) and limit of
quantification (LOQ) were calculated from the calibration curve using the formula

,57, 58 where sy is the standard deviation of the
predicted y-value for each x-value, and K is the slope of the calibration line of best fit. The
LODs were 2, 25, and 150 ng/mL for 2’PCB3 sulfate, 3’PCB3 sulfate and 4’PCB3 sulfate,
respectively. The signals for all sulfate metabolites were above LOD in serum, and above
LOQ in urine. A set of spiked samples was prepared by spiking known amounts of PCB3
sulfate standards in the urine and serum. Recovery of the each analyte in different matrices
are shown in supplemental figure S1. Various approaches for PCB3 sulfates extraction from
urine by using different SPE catridges are compared in supplemental figures S2.

Results
Five major and eight minor metabolites of PCB3 were identified in urine

In LC/MS chromatogram, a monochlorinated metabolite of PCB3 was identified by natural
isotope abundance ratio of 3:1 for 35Cl/37Cl. Reduced intensity of a peak after incubation of
sample with β-glucuronidase or sulfatase further helped to confirm whether it was a
glucuronide or sulfate metabolite. Figure 2 shows total ion current (TIC) chromatograms
from LC/MS (LCQ Deca) for urine before and after treatment with hydrolyzing enzymes. At
least five major metabolites (indicated by peaks 1–5) and eight minor metabolites (indicated
by peaks a–h) were identified as potential final metabolites of PCB3 in urine (A). When
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treated with β-glucuronidase (B), there was no change in the major metabolites, however
minor metabolites a, b and d disappeared. The most abundant masses for these peaks were
m/z 475, 397, and 379, respectively. When incubated with mixture of β-glucuronidase and
sulfatase (C), the major peaks 3 and 4 disappeared. Peak 4 was identified as 4’PCB3 sulfate
by comparing with authentic standard. The most abundant mass for peak 3 was m/z 299.
These sulfates were further investigated and quantified. All monohydroxylated isomers of
PCB3 co-eluted, and are represented by peak 5. The remaining two major peaks and five
minor peaks were not affected by hydrolyzing enzymes.

Unknown metabolites 1 and 2 were isomers of m/z 366, and fragmented to m/z 348 in the
acidic medium

The mass spectra of peaks 1 and 2 were similar, and consisted of m/z 366 and 348 as most
abundant ions. Two other minor peaks f and g were also characterized by m/z 348 as the
most abundant ions. In the samples treated with formic acid, we observed degradation of
peaks 1 and 2 and increased intensity of peak f or g as a single peak (Figure 3). This
indicated that peaks 1 and 2 are metabolite isomers of m/z 366, and their degradation
resulted in the formation of minor metabolites f and g. Other minor metabolites were
characterized by m/z 461 (peak c), m/z 329 (peak e), and m/z 313 (peak h). The mass
spectra of all these unknown metabolites are found in supplemental figure S3.

Less PCB3 was excreted as free phenol or glucuronide conjugate as compared to sulfate
conjugates

We were further interested in relative proportion of free and conjugated forms of individual
phenols. This was achieved with an Acquity C18 column by operating with mobile phases at
pH 10.5. A composite urine sample collected over the period of 36 h was analyzed before
and after incubation with hydrolyzing enzymes (Figure 4). Two major free phenolic forms
were 4’-OH-PCB3 and 3’-OH-PCB3. The concentration of 4’-OH-PCB3 was approximately
ten times higher than 3’-OH-PCB3. Incubation with pure β-glucuronidase did not
significantly increase the amount of any phenol but the sulfatase released approximately six
times more phenols than they were in the free form.

Sulfate conjugates were rapidly excreted in urine
Figure 5 shows the chromatograms of 2’PCB3 sulfate, 3’PCB3 sulfate, and 4’PCB3 sulfate
standards at concentration of 0.05, 0.1, o.5 and 0.5 µg/mL (top,chromatogram A). The
corresponding peaks in the urine from PCB3 treated and control rats collected after four
hours of exposure are shown in chromatograms B and C (middle). The bottom two
chromatograms show sulfate metabolite in the serum of PCB3 treated and control rats. The
time-course of excretion of sulfated metabolites of PCB3 over the period of 36 h is shown in
Figure 6. In urine collected within the first four hours after exposure, the concentrations of
4’PCB3 sulfate, 3’PCB3 sulfate and 2’PCB3 sulfate were as high as 42.0±12, 2.4±1.0 and
0.2 µg/mL, respectively, which represents approximately 0.16% of the dose altogether. A
peak excretion occurred between 10–20 hours, followed by sustained elimination up to the
end of the collection period. Approximately 3% of the dose was excreted as monosulfated
metabolites over this period (Table 1). Since the area under the peak for the unknown sulfate
(peak 3) was almost equal to the area of 4’PCB3 sulfate, a significant amount of PCB3
would have been excreted in this form. We did not quantify this metabolite because of the
lack of an authentic standard.
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Serum concentration of sulfates was several fold higher than hydroxylated forms
The serum concentration of 4’PCB3 sulfate was 6.18±2.2 µg/mL which is about 60 fold
higher than 4’-OH-PCB3 in serum (Table 1). We also observed a peak of unknown sulfate
(peak 3) as intensive as 4’pCB3 sulfate in the serum.

Metabolites excreted in the feces
We did not see a significant amount of sulfated metabolites excreted in feces, possibly due
to the hydrolysis of sulfated metabolites by bacterial sulfatase in the intestine. The amount
of hydroxylated metabolite excreted in feces was calculated to be twice as high as that
excreted in urine (Table 1). In a preliminary study with two bile cannulated male SD rats
(270–300g), which also received a single i.p. injection of 600 µmole/kg body weight PCB3,
the ratio of concentration of 4’PCB3 sulfate in bile to urine was approximately 1:10 at 12
hours after exposure (data not shown). Incubation of bile with β-glucuronidase also did not
considerably increase the amount of monophenols.

Discussion
Biotransformation of xenobiotics often involves conversion of lipophilic parent compounds
to more polar forms. Hydroxylation of PCB3 by cytochrome P450 isoforms occurs either
directly by insertion of oxygen in a C-H bond,59 or indirectly by formation of arene oxide
intermediate.60 Relatively little is known about further biotransformation of phenolic PCBs
to conjugated metabolites in vivo and their excretion in the urine. In this study we obtained
evidence for biotransformation of PCB3 to possible glucuronide, sulfate and glutathione
conjugates (Scheme 1). We further quantified 4’PCB3 sulfate, 3’PCB3 sulfate, 2’PCB3
sulfate in the serum and urine.

Incubation of urine with β-glucuronidase did not significantly increase the level of mono-
phenols. The minor unknown glucuronide of m/z 379, which is most likely a mono-phenol
glucuronide, was also not an intense major metabolite. Low glucuronidation of PCB3
metabolites can be explained on the basis of steric hindrance at 4’ position, as noted
previously.44

Many hydroxylated LC-PCBs, including OH-PCB3, have been shown to be good substrates
for SULT1A1, which is a major sulfotransferase for phenols.46, 48 Expression of rSULT1A1
has been reported to be higher in male adult rats than in the female rats of same age.61, 62

This raises an important question in extrapolating these findings to other species. Human
SULT 1A1 has a broad substrate specificity.63, 64 In vitro studies indicate that some
hydroxylated LC-PCBs are excellent substrates for hSULT1A1.46

The precursors of reactive quinone and semi-quionone intermediates were observed to be
further biotransformed by sulfation and glucuronidation. The unknown major sulfate
metabolite (peak 3) has m/z 299, which is 16 units higher than that of 4’PCB3 sulfate.
Therefore, it is most likely a catechol sulfate formed by the sulfation of 3’,4’-diOH-PCB3
because this catechol is a major metabolite after 4’-OH-PCB3 in rats.18, 20, 22 In an extracted
ion chromatogram for m/z 299, an additional minor peak was also observed which is likely a
sulfate of two other dihydroxylated metabolites, namely 2’,3’-diOH-PCB3 and 2’,5’-diOH-
PCB3 reported previously (not shown in the chromatogram).22 Two other unknown
glucuronides of m/z 397 and m/z 475 can be attributed to dihydrodiolglucuronide, and a
sulfated-glucuronide diconjugate respectively. A similar glucuronide metabolite has been
reported for many xenobiotic that form arene oxide intermediates.65 Althoug these findings
require further confirmation and synthesis of authentic standards, they provide mechanistic
insights into the metabolism that bioactivation of PCB3. For instance, it confirms that
bioactivation of PCB3 occurs by the formation of dihydrodiol. At the same time, it also
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suggests that there are mechanisms to detoxify and eliminate these quinone precursors by
phase II conjugations.

Glutathione conjugation of an electrophilic metabolite (R-SG) produces a species that
undergoes stepwise transformation by hepatic and renal enzymes to form a mercapturic acid
(R-SCys-NAC).66 Glutathione conjugation of a PCB arene oxide, and subsequent formation
of PCB-mercapturic acids has been described.67 This process proceeds by loss of water from
glutathione-PCB arene oxide complex.68 Glutathione conjugation of PCB3 may result in the
formation of a final metabolite with a molecular weight of 367; and its (M-H)− would be
366. A loss of water, by mass of 18 units, would form an ion of m/z 348. We observed a
mass of m/z 366 fragmented to m/z 348 in the acidic medium. Therefore, the unknown
major metabolites 1 and 2 are most likely isomers of PCB3 mercapturic acids of m/z 366
and minor metabolites f and g most likely resulted from their degradation.

We did not observe any ions that could be attributed to mercapturic acids derived from
glutathione conjugation with PCB3-quinone. However, minor metabolites of m/z 461, m/z
329 and m/z 313, which were not affected by hydrolyzing enzymes, could possibly have
resulted from reaction of PCB3 quinone with endogenous nucleophiles. Metabolism of PCB
mercapturates or precursor cysteine conjugates to methyl sulfones has been described.69, 70

No mercapturic acids or methyl sulfone metabolites of PCB3 have been reported. Therefore,
we recommend further investigation to the potential formation of PCB3 mercapturates or
PCB3-quinone adducts.

Urine collection offers a non-invasive technique of sample collection. Urine is a cleaner
matrix than serum for analytical purposes, contains no lipids, and has been widely employed
for assessment of exposure to halogenated environmental chemicals and herbicides.71

Conventionally, serum analysis for hydroxylated PCBs is carried out by GC-ECD or GC-
MS, which requires derivatization, and subsequent stringent lipid cleanups.72 Hydroxylated
LC-PCB are sub-optimally methylated by diazomethane,73 and can be destroyed by
treatment with sulfuric acid,74 or acidified silica gels.75 Moreover, it is penta to hepta
chlorinated hydroxylated PCBs that have been predominantly studied as persistent
metabolites in the serum rather than lower chlorinated hydroxylated PCBs.42 Our study
suggests that sulfated metabolites of lower chlorinated PCBs are found at much higher level
than hydroxylated metabolites in both serum and urine, and are quantifiable by LC/MS
following one-step SPE. Many commercially available SPE cartridges were very efficient in
the extraction of sulfated metabolites of PCB3 from urine (Supplemental figure S2). The
ease of extraction and quantification of PCB sulfates opens a new avenue for considering
this metabolite as a potential biomarker for risk assessment of environmental exposure to
lower chlorinated PCBs.

Conclusions
We report the formation of 2’PCB3 sulfate, 3’PCB3 sulfate; 4’PCB3 sulfate in urine and
serum of male SD rats exposed to a single dose of 600 µmol PCB3/ kg body weight by i.p.
injection. By LC/MS analysis of urine before and after incubation with hydrolyzing
enzymes, we have proposed final biotransformation products of PCB3 by sulfation,
glucuronidation, and glutathione conjugation. Higher concentrations of monosulfated
metabolites than phenolic PCB3 in both urine and serum suggests that this class of
metabolites can be an alternative to serum analysis for exposure assessment of LC-PCBs.
This is the first report of sulfated PCB metabolites that are formed in vivo.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CYPs Cytochrome P450

SULTs Sulfotransferases

POPs persistent organic pollutant

4-chlorobiphenyl PCB3

LC-PCBs lower chlorinated PCBs

OH-PCBs hydroxylated PCBs

i.p. intraperitoneal

SLE+ supported liquid extraction

SPE solid phase extraction

SD Sprague Dawley

LOD limit of detection

LOQ limit of quantation
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Figure 1. Structure of standards used in this study
The atom numbering scheme is indicated for PCB3.
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Figure 2. TIC showing metabolites of PCB3 in urine after 10 hours of exposure
(A) Five major metabolites (peaks 1–5) and eight minor metabolites (peaks a–h) were
identified in the urine. The most abundant ions corresponding to the peaks were m/z 475 (a),
m/z 397 (b), m/z 366 (1), m/z 366 (2), m/z 461 (c), m/z 379 (d), m/z 329 (e), m/z 348 (f), m/
z 348 (g), m/z 313 (h), m/z 299 (3), m/z 283 (4), m/z 203 (5). (B) Incubation with β-
glucuronidase resulted in the disappearance of peaks a, b and d, and were attributed to be
sulfated-glucuronide diconjugate, dihydrodiol glucuornide conjugate, and monophenol-
glucuronide conjugate respectively. (C) Incubation with both β-glucuronidase and sulfatase
resulted in additional disappearance of peaks 3 and 4, which were a presumed catechol
sulfate, and 4’PCB3 sulfate respectively. All monohydroxylated isomers co-eluted and are
indicated by peak 5. All other remaining peaks (1, 2, c, e, f, g, and h) were not affected by
hydrolyzing enzymes. MS analysis was carried out by LCQ deca. Mass spectra of all the
ions are found in supplemental figure S3.
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Figure 3. Effect of formic acid on the fragmentation of m/z 366 (peaks 1 and 2) to m/z 348
Extracted ion chromatograms for m/z 348 under two conditions of sample preparation in the
urine sample. When no acids were used in workup procedure, four peaks 1, 2, f and g were
observed (top EIC). In the urine samples diluted with equal volume of 1% formic acid (v/v),
peaks 1 and 2 were degraded resulting in a single large peak corresponding to f and g
(bottom EIC). A representative mass spectrum for peak 1 showing abundance of masses of
ions m/z 366 and m/z 348. The spectra of peak 2 was similar to peak1. This fragmentation
pattern suggested that 1, 2, f, and g are putative mercapturic acids metabolites. MS analysis
was carried out by LCQ deca.
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Figure 4. Free and conjugated forms of two major phenols in urine
Incubation with sulfatase released approximately six times more phenol than it was as free-
phenol for both 3’-OH-PCB3 and 4’-OHPCB3. Incubation with glucuronidase did not
significantly increased the mono-phenols. MS analysis was carried out by Waters Acquity
TQD using an Acquity UPLC BEH C18 column, and pH of mobile phase was 10.5. (n=3)
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Figure 5. Chromatograms showing PCB3 sulfate standard and their peak correspondence in
urine and serum
Chromatograms of 2’ PCB3 sulfate, 3’PCB3 sulfate, 4’PCB3 sulfate, and IS in
concentration of 0.05, 0.1, o.5 and 0.5 µg/mL (A), urine from PCB3 treated rats after four
hours of exposure (B), urine from control animal (C), serum from PCB3 treated rats (D), and
serum from control rats (E). MS analysis was carried out Waters Acquity TQD.
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Figure 6. Time-course of the excretion of PCB3 sulfates in urine
Sulfates were rapidly excreted in urine, reaching a peak excretion within 10–20 h. Urine
collected at each time point (50µL) was diluted 1:1 with 1% formic acid and cleaned up in
SLE+ chromatography column. Analysis was carried out as described in Figure 5. (n=3)
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Scheme 1. Proposed biotransformation pathway for 4-Chlorobiphenyl (PCB3) in rats
Potential enzymes/mechanisms are indicated by numbers in the legend.
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Table 1

Disposition of sulfated metabolites in the serum and composite urine over 36 hours.

Urine (µg/mL) Feces (µg/g) Serum (µg/mL)

4’PCB3 sulfate 53.3±4.1 (2.5) <LOD 6.18±2.16

3’PCB3 sulfate 4.62±1.09 (0.22) <LOD 0.137±0.015

2’PCB3 sulfate 0.744±0.260 (0.04) <LOD 0.0109±0.0029

4’-OH-PCB3 6.68±0.64 (0.43) 16.2±5.3(0.84) 0.0955±0.0558

Values are means±SD (n=3).
Figures in the parenthesis indicate approximate percentage of dose excreted over 36 hours of exposure.
The signal for sulfate metabolites in 100 µL extract of 100 mg feces was lower than LOD, and not quantified.
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