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ABSTRACT: PCBs, such as PCB3, are air contaminants in buildings and outdoors. Metabolites of PCB3 are potential endocrine
disrupting chemicals and genotoxic agents. We studied the disposition of phenolic and sulfated metabolites after acute nose-only
inhalation exposure to airborne PCB3 for 2 h in female rats. Inhalation exposure was carried out in three groups. In the first
group, rats exposed to an estimated dose of 26 μg/rat were euthanized at 0, 1, 2, and 4 h after exposure. Highest concentrations
of phenols and sulfates were observed at 0 h, and the values were 7 ± 1 and 560 ± 60 ng/mL in serum, 213 ± 120 and 842 ± 80
ng/g in liver, 31 ± 27 and 22 ± 7 ng/g in lung, and 27 ± 6 and 3 ± 0 ng/g in brain, respectively. First-order serum clearance half-
lives of 0.5 h for phenols and 1 h for sulfates were estimated. In the second group, rats exposed to an estimated dose of 35 μg/rat
were transferred to metabolism cages immediately after exposure for the collection of urine and feces over 24 h. Approximately
45 ± 5% of the dose was recovered from urine and consisted mostly of sulfates; the 18 ± 5% of the dose recovered from feces
was exclusively phenols. Unchanged PCB3 was detected in both urine and feces but accounted for only 5 ± 3% of the dose. Peak
excretion of metabolites in both urine and feces occurred within 18 h postexposure. In the third group, three bile-cannulated rats
exposed to an estimated dose of 277 μg/rat were used for bile collection. Bile was collected for 4 h immediately after 2 h
exposure. Biliary metabolites consisted mostly of sulfates, some glucuronides, and lower amounts of the free phenols. Control
rats in each group were exposed to clean air. Clinical serum chemistry values, serum T4 level, and urinary 8-hydroxy-2′-
deoxyguanosine were similar in treated and control rats. These data show that PCB3 is rapidly metabolized to phenols and
conjugated to sulfates after inhalation and that both of these metabolites are distributed to liver, lungs, and brain. The sulfates
elaborated into bile are either reabsorbed or hydrolyzed in the intestine and excreted in the feces as phenols.

■ INTRODUCTION

Polychlorinated biphenyls (PCBs) are a group of 209 synthetic
chemicals, named PCB1 to PCB209, according to the number
and position of chlorine atoms on the biphenyl ring.1 The
intentional commercial production of PCBs was banned in
1977 in the United States. They were formerly used in a variety
of items as lubricants, flame retardants, coolants, insulating
agents, or plasticizer chemicals.2 PCBs in general are persistent
chemicals, as they are often resistant to degradation by
environmental processes.3 Legacy PCBs contaminate food
and water, which are already well-known sources of oral
exposures. Detection of PCBs in the air samples from both
indoor and outdoor environments has raised a concern for
inhalation exposures in the recent years.4 Airborne PCBs are
mostly lower chlorinated congeners.5 These PCBs have high

vapor pressures.6 PCB3, with its one chlorine atom, is more
volatile than most other PCB congeners. PCB3 has been
detected in homes,7,8 as well as in outdoor air samples.9 This
congener was a major constituent of Aroclor 1221 and 1232
and is present in many commercial PCB mixtures.1

Phenolic metabolites of PCBs are endocrine disrupting
chemicals (EDCs). Exposure to both PCB3 and its metabolites
caused a significant increase in estradiol level in the medium of
granulosa and theca cells derived from porcine ovary.10

Estrogenic effects of many OH-PCBs also occur through the
inhibition of enzymes involved in steroid hormone metabo-
lism.11 Phenolic metabolites of PCBs also disrupt thyroid
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hormone homeostasis by inhibition of thyroid hormone
sulfation12 and by interfering with transthyretin in the transport
of thyroid hormones in circulation.13 A recent study shows that
PCB3 metabolites are high-affinity ligands of transthyretin in
vitro.14 Exposure to the environmental EDCs may not be
manifested in a clinical disease but may be an underlying cause
of reproductive and developmental abnormalities later in life.15

According to the International Agency for Research in
Cancer, PCBs are human carcinogens.16 Metabolically active,
lower chlorinated PCBs are bioactivated to genotoxic agents.
Bioactivation of PCB3 occurs by the formation of electrophiles,
such as arene oxides and PCB quinones. An arene oxide of
PCB3 is formed during the initial oxidation of PCB3 by
cytochrome P450 enzymes.17,18 PCB quinones are formed by
the oxidation of dihydroxylated PCBs by peroxidases such as
prostaglandin synthase19 and myeloperoxidase.20 PCB qui-
nones produce reactive oxygen (ROS) species through a futile
redox cycling with the semiquinones.21 Taken together,
formation of ROS and electrophiles are the basis of PCB3-
induced genotoxicity in various cell lines.22,23

Although bioactivation and toxicity of OH-PCBs have been
the focus of many studies, toxicologic properties of sulfated
PCBs are largely unreported. OH-PCBs are good substrates for
purified rat and human SULT1A and SULT2A isoforms in
vitro.24,25 Sacco et al. found that liver cytosol prepared from
polar bear can efficiently form sulfate conjugates of many OH-
PCBs.26 Previously, we showed that a sulfate conjugate is a
major urinary metabolite of PCB3 in rats and that the serum
concentrations of sulfates were 64 times higher than the free
phenolic forms.27 Interestingly, plants, including poplar trees,
can form sulfated PCBs after exposure through their roots.28

We tested stability of mono- to pentachlorinated PCB sulfates
in human urine and found that they are stable for a prolonged
time at room temperature without any preservatives.29

Incubation of sulfated PCBs with transthyretin in vitro has
resulted in high-affinity binding at thyroid hormone (T4)
binding sites, indicating the possibility of transport of these
metabolites into the brain and disruption of thyroid hormone
homeostasis.14 These studies indicate that PCB sulfates are
biologically formed, stable metabolites and are potential EDCs.
Few studies exist in the literature describing the disposition

of PCBs after inhalation exposure.4 On the basis of the
concentration of PCBs in indoor and outdoor air samples and
dietary sources, Currado et al. estimated that inhalation
exposure may contribute significantly (6 to 64%) to the body
burden of PCBs in adults in the UK.30 Previously, Hu et al.
carried out inhalation exposure studies in rats using Aroclor
1242,31 a mixture of PCBs resembling Chicago air profile,32 and
PCB11.33 These inhalation exposures in rats have demon-
strated that lower chlorinated PCBs are quickly absorbed and
distributed to tissues from the lungs. In a subsequent study, Hu
et al. reported that 99.8% of PCB11 was absorbed from the
lungs and was excreted mostly as conjugated metabolites in
urine and feces.34 We recently reported that sulfate conjugates
are the metabolite markers of inhalation exposure to PCB3 in
rats.29 In this study, we further characterize the inhalation
exposure of lower chlorinated PCBs by measuring the
disposition of PCB3 metabolites in tissues, serum, bile, urine,
and feces.
We carried out nose-only inhalation exposure to PCB3 in

bile-cannulated and intact rats. In addition to disposition and
excretion of metabolites, we also measured urinary 8-oxo-dG as
a marker of PCB3 bioactivation to electrophilic species and

serum T4 level as an indicator of interaction of PCB sulfates
with transthyretin.

■ MATERIALS AND METHODS
Standards and Chemicals. PCB3, 4′OH-PCB3, 3′4′-diOH-

PCB3, 2′5′-diOH-PCB3, 2′3′-diOH-PCB3, 3PCB3 sulfate, 3′PCB3
sulfate, 4′PCB3 sulfate, 3-F,4′OH-PCB3 (Internal standard, IS), and 3-
F,4′PCB3 sulfate (IS) were synthesized as described previously.27,35,36

PCB3 purity was 99.7%, as determined by gas chromatography (GC).
Stock solution of standards was prepared in methanol. All solvents
used were HPLC grade and purchased from Fisher Scientific Co. (St.
Louis, MO). Weak anion exchange (WAX) cartridges, a solid-phase
extraction column of 1 mL (30 mg, 30 μM) or 6 mL (150 mg, 30 μM)
capacity, were purchased from Water Oasis (Milford, MA,). Sulfatase
(sulfatase type H-2 crude solution from Helix pomatia), glucuronidase
(β-glucuronidase type XI from Escherichia coli), and D-saccharic-1,4-
lactone were obtained from Sigma-Aldrich (St. Louis, MO). All other
chemicals were of the highest purity commercially available.

Generation of PCB3 Vapor. The studies presented here were
carried out in three separate experiments (groups 1, 2, and 3) in a 6 m3

secondary containment area with appropriate personal protection for
laboratory staff. PCB3 (2 g) was dissolved in diethyl ether (5 mL) and
added to a round-bottomed flask (500 mL) containing glass beads
(300 g, 4.75 mm diameter). PCB3 was coated on the glass beads by
completely removing the solvent in a rotary evaporator. The flask was
fitted with a glass stopper having inlet and outlet inline tubes as
illustrated in Figure 1. The outlet of the flask was connected to the

nose-only inhalation system (InTox, Inc., Albuquerque, NM, for
groups 1 and 2; SCIREQ Inc., Montreal, Canada, for group 3). The
flow of air through the inhalation system was maintained at 11 L/min
in the InTox system and 14 L/min in the SCIREQ system by a
vacuum pump. The air containing PCB3 was sampled by adsorption
onto polymeric resin (10 g, Amberlite XAD-2, Supelco Analytical,
Bellefonte, PA) packed in a stainless steel cartridge. The flask was kept
in a precision water bath maintained at 25 °C (Thermo Scientific,
Portsmouth, NH). To ensure that the animals were exposed only to
PCB3 vapor and not to the particulate matter, a layer of glass wool was
placed over the glass beads. Concentration of PCB3 in air (Cair) was
determined from PCB3 captured in XAD divided by the air volume
sampled during exposure.

Animal Exposure. All animal experiments were conducted under
approved protocols by the Institutional Animal Care and Use
Committee of the University of Iowa. Female Sprague−Dawley
(SD) rats were purchased from Harlan Sprague−Dawley Inc.
(Indianapolis, IN). Upon arrival to our vivarium, animals were
individually housed in cages with food and water ad libitum and
allowed to acclimatize to the new environment for 3 days. The animals
were kept in a room that was maintained at 22 °C with a 12 h light−
dark cycle. The day before the experiment, rats were transferred to
metabolism cages and also given training to adjust to the nose-only

Figure 1. Illustration of nose-only inhalation system.
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inhalation system by keeping them there for 2 h. All exposure
experiments were 2 h in duration.
In the first group (n = 15, 190−225 g), three animals were

euthanized at each of four time points: 0, 1, 2, and 4 h after exposure
concluded. Three control rats were similarly held in the nose-only
inhalation tube and exposed to laboratory air in an adjacent room and
euthanized at 0 h. Lungs, liver, brain, and serum were collected from
these animals.
In the second group (n = 6, 190−225 g), rats were exposed to

PCB3 or laboratory air and transferred to metabolism cages
immediately after exposure. Urine and feces were collected every 6
h over a 24 h period.
In the third group (n = 9, 260−290 g), three bile-cannulated and

three intact rats were exposed to PCB3 for 2 h. Three intact rats were
used as controls. Immediately after exposure, intact rats were
transferred to metabolism cages for the collection of urine. Bile-
cannulated rats were held on the bench, and bile was collected for 4 h
from the surgically attached cannula. Bile was also collected before the
exposure and used as baseline data.
The dose of PCB3 exposure was estimated using the following

equation29,31

α= fV C Tdose t air

For these experiments, we assumed a frequency of breathing ( f) of
94 breaths/min, tidal volume (Vt) of 1.5 mL/breath, and uptake from
the lungs (α) of 99.89%.34 Cair is the exposure concentration of PCB3,
and time (T) is the duration of animal exposure.
Extraction of PCB3 and Its Metabolites from Tissue.

Simultaneous extraction of PCB3, hydroxylated PCB3, and sulfated
PCB3 from tissues and fluids was carried out according to a previously
described procedure with some changes.29 A flow diagram of all steps
of the extraction is presented in Figure 2. Urine, serum, or bile (1 mL)

was acidified by adding glacial acetic acid (20 μL) and extracted in
acetonitrile (2 mL). Sodium acetate buffer (25 mM, pH 4.0) was
added to make the final volume 8 mL. Tissues (1−2 g) and feces (1−3
g) were homogenized in Milli-Q water (5 mL), acidified by adding
glacial acetic acid (100 μL), extracted in acetonitrile (40 mL), and
concentrated to 10 mL. Sodium acetate buffer (25 mM, pH 4.0) was
added to make the final volume 40 mL.
The buffered urine, bile, or serum sample was applied to a

preconditioned 1 mL WAX column. The column was washed with 1
mL of methanol in water (50:50, v/v) containing 2% NH4OH and
dried for 1 h. The metabolites were eluted from the column with 1 mL

of methanol in acetonitrile (20:80, v/v) containing 2% NH4OH. A
final elution with hexane (1 mL) was carried out to completely elute
PCB3 from the column. Buffered tissue or fecal sample was applied to
a preconditioned 6 mL capacity column. Washing and eluting volumes
were increased to 6 mL. Final WAX extract was evaporated nearly to
dryness, reconstituted in 35% acetonitrile in water (200 μL), and
transferred into an autosampler vial for analysis of sulfates and
phenols. For the analysis of sulfates, an internal standard (50 μL, 3-F,
4′PCB3 sulfate at 0.5 μg/mL in 35% acetonitrile in water) was added,
and 5 μL was injected into the liquid chromatography/mass
spectrometry (LC/MS) system. To the same vial, after the analysis
of sulfates, an internal standard (50 μL, 3-F-4′OH-PCB3 at 0.5 μg/mL
in methanol) was added, and phenols were analyzed. For the analysis
of PCB3 in feces and urine, final acetonitrile extract was concentrated
to exactly 500 μL, and 2 μL was injected into gas chromatography/
mass spectrometry (GC/MS) system. The recovery for PCB sulfates
and phenols from spiked matrices is presented in the Supporting
Information.

Enzyme Incubation. The WAX column-cleaned acetonitrile
extracts of bile or urine were aliquoted equally to three clean vials,
uncapped, and kept in a fume hood until the solvent evaporated
completely. Reference samples contained 100 ng of authentic 4′PCB3
sulfate standard in 300 μL of acetonitrile. The vials were reconstituted
in 100 μL of sodium acetate buffer (25 mM, pH 7.0) containing no
enzymes, 100 μL of sodium acetate buffer (25 mM, pH 5.0) containing
100 units β-glucuronidase, or 100 μL of sodium acetate buffer (25
mM, pH 5.0) containing 25 units sulfatase and D-saccharic acid-1,4-
lactone (20 mM). The mixture was incubated at 37 °C overnight to
allow complete hydrolysis of conjugated metabolites.27 The reactions
were terminated by adding an equal volume of methanol. The final
volume (200 μL) was centrifuged at 12 000g for 10 min, the
supernatant fraction (50 μL) was transferred to an autosampler vial, an
internal standard (50 μL, 3F′-4′OH-PCB3 at 0.5 μg/mL in methanol)
was added, and the sample analyzed by LC/MS.

LC/MS. Analysis of PCB3 phenols and sulfates was carried out with
a Waters Acquity Tandem Quadrupole Detector (TQD) instrument
(Waters, USA). Chromatographic separation was achieved on an
Agilent RP C18 column (4.6 × 250 mm, 5 μm) at ambient
temperature. Mobile phases were 100% acetonitrile (A) and 5 mM
ammonium acetate in water (B). Sulfated metabolites were eluted
from the column using an isocratic mobile phase containing 35% of A
and a flow rate of 1 mL/min. Phenols were eluted using an isocratic
mobile phase containing 80% of A and a flow rate of 1 mL/min. The
mass spectrometer was used in selected-ion monitoring (SIM) mode
to analyze the (M − H)− of interest by negative electrospray
ionization. Other TQD parameters were as follows: 120 °C, source
temperature; 600 °C, dessolvation gas temperature; 2.6 kV, cone
voltage; 100 L/h, cone gas flow; and 600 L/h, dessolvation gas flow.

Representative SIM chromatograms for authentic standards of
mono- and dihyroxylated PCB3s are shown in Figure 3. All three
dihydroxylated PCB3 compounds (2′5′-diOH-PCB3, 3′4′-diOH-
PCB3, and 2′3′-diOH-PCB3) were completely separated. We could
not separate the isomers of monohydroxylated PCB3, and they eluted
as a single peak at 3.8 min. We quantified this peak from a calibration
curve prepared from 4′OH-PCB3.

Representative SIM chromatograms for authentic standards of
PCB3 sulfates are shown in Figure 4. The elution order of sulfates
detected in bile and urine was 3PCB3 sulfate, 3′PCB3 sulfate, catechol
sulfate (m/z 299), and 4′PCB3 sulfate. When operated in full-scan
mode, a putative glucuronide eluted before the 3PCB3 sulfates
(Supporting Information).

XAD Extraction and Analysis of PCB3. PCB3 was extracted
from XAD resin by pressurized liquid extraction (ASE 200, Dionex,
Sunnyvale, CA) using acetone/hexane (1:1, v/v), as described
previously.5 Briefly, the extraction cell was preheated at 80 °C for 6
min, followed by a static extraction for 5 min at a pressure of 1500 psi.
Quality control samples, prepared by spiking 4 mg of PCB3 in 10 g of
XAD resin, were also extracted together. The volume of ASE extract
was adjusted to 40 mL, and 1 mL was transferred to an autosampler
vial for analysis. Internal standard (50 μL, PCB2 at 10 μg/mL in

Figure 2. Flow diagram for simultaneous extraction of PCB3 and its
metabolites from serum, urine, and bile. Tissues and fecal samples
were extracted in 40 mL of acetonitrile, and 6 mL capacity WAX
columns were used for cleanup. The volume of solvents required for
conditioning, washing, and eluting were increased to 6 mL.
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hexane) was added, and 1 μL was injected into GC/MS (Agilent
7890A GC system). The MS detector was operated in selected-ion
monitoring (SIM) mode to detect ions of m/z 188 by positive
electrospray ionization of the parent analyte. A capillary GC column
(DB5-MS, Agilent, Santa Clara, CA) (30 m × 0.25 mm i.d. × 0.25 μm
film thickness) was used. The temperature of the column was initially
held at 50 °C for 1 min, increased at a rate of 10 °C/min to 280 °C,
and then finally kept at 280 °C for 5 min. The flow rate of the helium
carrier gas was 1 mL/min.

Urinary 8-oxo-dG Analysis. A composite 24 h urine sample was
prepared by proportionately mixing the urine collected at each time
point. Urinary creatinine level was determined as per the instructions
in the kit (no. 500701, Cayman, USA). Urine (0.1 mL) was treated
with ice-cold acetone (0.9 mL) and centrifuged at 12 000g for 10 min.
Clear supernatant was transferred to a clean 2 mL glass vial, uncapped,
and kept under a chemical fume hood until the solvent was completely
evaporated. It was reconstituted in EIA buffer and analyzed per the
instructions mentioned in DNA/RNA oxidative damage EIA kit (no.
589320, Cayman, USA).

Figure 3. Chromatograms of phenolic metabolites. SIM chromatograms showing the separation of dihydroxylated (m/z 219) and monohydroxylated
(m/z 203) metabolites of PCB3. A representative chromatogram of urine sample treated with sulfatase has been overlaid on the chromatogram of
authentic standards to show different dihydroxylated metabolites formed in vivo. Chromatography was performed on a RP C18 column with an
isocratic mobile phase of 80% acetonitrile in water (5 mM ammonium acetate) and a flow rate of 1 mL/min. This method could not separate
isomers of monohydroxylated PCB3, and all isomers eluted as a single peak at 3.8 min. A peak at 1.9 min resulted from sulfate in the mixture of
standards. Concentration of free phenolic forms was significantly lower than that of the conjugated forms in serum, urine, and bile.

Figure 4. Chromatograms of sulfated metabolites. SIM chromatograms showing the separation of PCB3 sulfates (m/z 283). A representative
chromatogram of sulfates in lungs and brain are overlaid on authentic standards to show the distribution of sulfates in tissues other than liver.
Chromatography was performed on a RP C18 column with an isocratic mobile phase of 35% acetonitrile in water (5 mM ammonium acetate) and a
flow rate of 1 mL/min.
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Serum Chemistry and Serum Thyroxine (T4) Level. For
determination of serum chemistry and serum T4 levels, serum samples
were sent to the Department of Veterinary Pathology at the University
of Illinois, Urbana−Champaign. Details of the laboratory tests
procedures can be found at http://vetmed.illinois.edu/vdl/index.html.
Quality Assurance. Analyses of tissue samples derived from

PCB3-exposed animals were accompanied by solvent blanks, spiked
solvent or calibration standards, control tissue/fluid samples, and
spiked tissue/fluid samples. A spiked tissue/fluid sample was prepared
by spiking a known amount of analyte (0.5 μg) in the tissue or fluid
derived from control rats. Extraction efficiency, which was defined as
the percentage recovery of the analytes from different matrices, is
presented in the Supporting Information. All measurements in the
samples were corrected for extraction efficiency. Using Microsoft
Excel, a linear calibration line ranging from 1 to 500 ng/mL was
generated for each analyte by plotting a known concentration on the x
axis and the area under the chromatogram or response (Y) on the y
axis. Expected response (Y′) was calculated from the regression line.
Error of response for each Y measurement (y) was determined by
subtracting Y′ from Y. LOQ was defined as 10((Sy)/K), where Sy is the
standard deviation in y and K is the slope of the regression line.29

LOQs were 5, 2, 8, 16, and 12 ng/mL for 3PCB3 sulfate, 3′PCB3
sulfate, 4′PCB3sulfate, 4′OH-PCB3, and 3′4′diOH-PCB3, respec-
tively. Up to 2 g of tissue or 2 mL of urine was taken for extraction,
and the final extract was concentrated to as low as 200 μL to get
responses above the LOQ range.

■ RESULTS

Estimate of Inhalation Dose. A schematic of the
inhalation exposure apparatus is shown in Figure 1. The
measured air concentration of PCB3 was 1.52, 2.06, and 16.33
mg/m3 in the first, second, and third groups of animal
experiments, respectively. This gave an estimated cumulative
inhalation dose of approximately 26, 35, and 277 μg/rat for the
first, second, and third groups, respectively.
Tissue Disposition. Disposition of phenol and sulfate

metabolites in tissues was quantified in the first group of rats
that received an estimated dose of 26 μg/rat. A selected-ion
monitoring (SIM) chromatogram showing the presence of
sulfated metabolites in lungs and brain is shown in Figure 4.
Peak disposition of both phenol and sulfate metabolites in
tissue was observed immediately after 2 h exposure (Table 1).
Serum Clearance. Serum analysis of phenol and sulfate

metabolites was carried out after 0, 1, 2, and 4 h postexposure
in the groups of rats that received an estimated inhalation dose
of 26 μg/rat and is presented in Figure 5. At 0 h postexposure,
serum concentrations of 3PCB3 sulfate, 3′PCB3 sulfate,
4′PCB3 sulfate, and 4′OH-PCB3 were 28 ± 6, 61 ± 3, 470
± 56, and 7 ± 1 ng/mL, respectively. The total concentration
of sulfates was calculated by adding the concentration of
3PCB3 sulfate, 3′PCB3 sulfate, and 4′PCB3 sulfate for each
time point. When data were fit to first-order elimination
kinetics (goodness of fit, R2, was 0.80 for sulfates and 0.88 for
phenols), estimated half-lives were 1 h for sulfates and 0.5 h for
phenols.

Peak Excretion in Urine and Feces. The amounts of free
phenolic metabolites of PCB3 excreted in urine and feces at
different time points over 24 h postexposure are shown in
Figure 6. The maximum excretion of 4′OH-PCB3 occurred

within 12 h in urine, and maximum excretion in feces was
observed within 18 h postexposure. Peak excretion of sulfates in
urine was also observed within 6−12 h postexposure, published
previously.29

Biliary Excretion. Because conjugated metabolites were not
seen in the feces, we were interested in the biliary excretion of
metabolites. Rats in this group inhaled an estimated dose of 277

Table 1. Disposition of PCB3 Metabolites in Tissuea

0 h 1 h 2 h 4 h

phenols sulfates phenols sulfates phenols sulfates phenols sulfates

liver 213 ± 123 842 ± 80 48 ± 25 584 ± 123 39 ± 51 572 ± 89 34 ± 17 292 ± 23
lungs 31 ± 27 22 ± 7 17 ± 11 ND 7 ± 7 ND 4 ± 3 ND
brain 27 ± 6 3 ± 0.3 11 ± 6 ND ND ND ND ND

aConcentration is expressed as ng/g of wet tissue. The estimated inhalation dose of PCB3 was 26 μg/rat. Values are mean ± SD, n = 3, and are
corrected for extraction efficiency. ND, not detected.

Figure 5. Plasma clearance. First-order elimination kinetics of
metabolites showed elimination half-lives of 1 h for sulfates and 0.5
h for phenols. The serum concentration of sulfates (sum of 3PCB
sulfate, 3′PCB3 sulfate, and 4′PCB3 sulfate) was 560 ± 60 ng/mL,
whereas the concentration of 4′OHPCB3 was only 7 ± 1 ng/mL at 0 h
postexposure. Serum was collected at 0, 1, 2, and 4 h from the first
group of rats that received an estimated dose of 26 μg/rat. The kinetic
analysis was done in GraphPad using a nonlinear fit of one phase
exponential decay (goodness of fit, R2, is 0.80 for sulfates and 0.88 for
phenols). Values are mean ± SD, n = 3, and are corrected for
extraction efficiency.

Figure 6. Peak excretion of metabolites in feces and urine occurred
within 24 h. Amount of 4′OH-PCB3 recovered from urine and feces
from samples collected at different time after exposure showed that a
peak excretion occurred from 0 to 12 h in urine and 0−18 h in feces.
Peak excretion of sulfates also occurred from within 0−12 h
postexposure, which has been published previously.29 No conjugated
metabolites were detected in feces at any time point. Values are mean
± SD, n = 3, and are corrected for extraction efficiency.
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μg/rat. Interestingly, we found 3′PCB3 sulfate (m/z 283),
4′PCB3 sulfate (m/z 283), putative PCB3-catechol sulfate (m/
z 299), and glucuronide (m/z 379) as conjugated metabolites
in bile (Supporting Information). For quantification of putative
glucuronides and catechol sulfate, for which no standards were
available, samples were incubated with hydrolytic enzymes, and
the conjugates were quantified by comparison with the
corresponding phenolic forms before and after hydrolysis.
Figure 7 shows the relative disposition of free phenolic forms,
glucuronides, and sulfates in bile and urine collected from 0 to
4 h postexposure. The ratio of free 4′OH-PCB3/glucuronide
conjugate of 4′OH-PCB3/sulfate conjugate of 4′OH-PCB3 was

approximately 1:2:4. Disposition of the catechol sulfate in bile
was twice that in urine during this time. Altogether, 5.0 ± 0.6%
of the administered dose was seen in bile, and 4.0 ± 0.2% of the
dose was recovered in urine during the 4 h period. Over this
period, 6.0 ± 0.6 mL of bile and 2.0 ± 0.05 mL of urine were
collected. Glucuronide conjugates related to dihydroxylated
metabolites were not found in either urine or bile.

Excretion Urine and Feces over 24 h. An estimated
excretion of PCB3 in urine and feces from the second group of
animals that received a calculated inhalation dose of 35 μg/rat
is presented in Figure 8. Approximately 45 ± 5% of the dose
was seen in urine, and 18 ± 5% of the dose was recovered in

Figure 7. Metabolites excreted in 0−4 h bile and urine. Sulfated forms were the major metabolites in both urine and bile followed by some
glucuronide conjugates and free phenols. Approximately 4 ± 2 and 5 ± 0.6% of the dose in urine and bile were recovered in 0−4 h, respectively.
Approximately 6 ± 0.6 mL of bile and 2 ± 0.05 mL of urine was collected in 4 h. Estimated inhaled dose was 277 μg/rat. Values are mean ± SD, n =
3, and are corrected for extraction efficiency.

Figure 8. Percentage of dose excreted in 0−24 h feces and urine. Approximately 45 ± 5% of the dose in urine and 18 ± 5% in feces were recovered
in 24 h. Sulfated forms were the major metabolites in urine. Unmetabolized PCB3 contributed 2 ± 1% in urine and 4 ± 2% in feces over 24 h.
Estimated inhaled dose was 35 μg/rat. Approximately 13 ± 2 mL of urine and 6 ± 1 g of feces were collected in 24 h. Values are mean ± SD, n = 3,
and are corrected for extraction efficiency.
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feces. Together, this accounted for 62 ± 9% of the inhaled dose.
Unchanged PCB3 was found in both urine (2.0 ± 1%) and
feces (4.0 ± 2%) at very low concentrations compared to that
of metabolites. Major metabolites excreted in urine were
4′PCB3 sulfate (18 ± 3%), PCB3 catechol sulfate (13 ±
0.07%), 3′PCB3 sulfate (6.0 ± 0.2%), 3PCB3 sulfate (4.0 ±
0.5%), free 4′OH-PCB3 (1.0 ± 0.5%), and free 3′4′-diOH-
PCB3 (1.0 ± 0.8%). Over this period, 13 ± 2 mL of urine and
6.0 ± 1 g of feces were collected.
Bioactivation and Toxicity Assessment. Serum chem-

istry parameters measured (renal function, serum protein, T4,
electrolyte balance, pancreas function, liver function, and lipid
metabolism) were within normal ranges in both control rats
and in rats exposed to PCB3. Free serum T4 levels in serum
were 39 ± 13 pmol/L in control rats and 31 ± 14 pmol/L in
rats euthanized immediately after 2 h exposure to PCB3. This
difference was not statistically significant (Student’s t test, p =
0.409). The 8-oxo-dG levels in 24 h urine were 125 ± 24 pg/
mg creatinine in control and 160 ± 35 pg/mg creatinine in
exposed rats, and this difference was also not statistically
significant (Student’s t test, p = 0.23). Serum chemistry and T4
values are presented in the Supporting Information.

■ DISCUSSION
Previously, we reported that a sulfate metabolite was a major
biotransformation product of PCB3 applied in vivo via i.p.
injection to male Sprague−Dawley rats.27 Sulfated metabolites
of PCBs are high-affinity ligands for the thyroid hormone
transport protein transthyretin.14 Therefore, sulfated PCBs
represent a potential biomarker of exposure for metabolically
active PCBs,29 and their potent interactions with transthyretin
may suggest toxic consequences of exposure. This study
extends our knowledge of the metabolism of PCB3 after
inhalation by reporting the disposition of sulfated and phenolic
metabolites in liver, lungs, and brain and provides serum
clearance half-lives for these metabolites as well as their biliary,
urinary, and fecal excretion rates.
We exposed female SD rats to air containing 1.52−16.33

mg/m3 of PCB3. The highest concentration of ∑PCBs in
indoor air reported so far is 20 800 ng/m3 in an old school
building in Germany.37 The concentration of ∑PCBs
measured across five public schools in New York City had a
median value of 257 ng/m3 before remediation.38 Hu et al.
reported the ∑PCBs in the atmosphere of Chicago ranging
75−5500 pg/m3.9 These values are either the sum of all
congeners or estimates from the measurement of few indicator
congeners, and the fraction of PCB3 in these measurements
would be very small. Davis et al. reported 215 ng/m3 of
monochlorinated PCBs (PCB1 was 158 ng/m3 and PCB3 was
57 ng/m3) in an old residential building in California.8 Given
that an average adult of 70 kg body weight breathes 16 m3 of air
per day, a person living in the home that has a concentration of
215 ng/m3 of monochlorinated PCBs would be exposed to 3.4
μg/day (0.05 μg/kg/day). A dose of 26 μg to a rat of 200 g is
equal to 130 μg/kg body weight. Human exposure to the dose
given to the rat would be achieved by living in the place that has
a PCB3 concentration of 215 ng/m3 for at least 7 years. Human
dosimetry of PCBs should include factors such as exposure
through the diet, time spent indoors and outdoors,
concentration of PCBs outdoors, and age.30,39 Therefore, the
comparison of the animal dose to the human exposure scenario
should be interpreted carefully, as accurate exposure−dose
modeling is beyond the scope of this article.

In 1959, probably the first study in the metabolism of PCBs,
Block and Cornish administered 1 g of PCB3 in rabbits orally
and recovered up to 64% percent of the dose in the form of
conjugated metabolites from urine over 4 days.40 Pereg et al.
dosed radiolabeled PCB3 in female mice i.p. at 600 μmol/kg
and observed a peak distribution and disappearance in lungs,
liver, and kidney within 24 h.41 In this study, we also observed a
rapid metabolism of PCB3 after inhalation.
PCB3 has been used as a model compound to understand

the mechanism of cytochrome P450 (CYP)-catalyzed for-
mation of phenolic metabolites of PCBs in a variety of
species.40,42,43 These studies have reported that 4′OH-PCB3 >
3′4′-diOH-PCB3 > 3′OH-PCB3 are three major phenolic
metabolites in naiv̈e animals. Rats induced with phenobarbital
(PB) and 3-methylcholanthrene (3-MC) exhibited enhanced
metabolism of PCBs, suggesting a role for hepatic CYP1A and
2B isoforms in the formation of phenolic metabolites.44 CYPs
in the liver microsomes of induced rats could further add a
second hydroxyl group on 3′OH-PCB3, forming 2′3′-diOH-
PCB3, or on 2′OH-PCB3, forming both 2′3′-diOH-PCB3 and
2′5′-diOH-PCB3.17,45 This study confirms that 4′OH-PCB3
and 3′4′-diOH-PCB3 are major phenolic metabolites and
3′OH-PCB3 and 3OH-PCB3 are minor phenolic metabolites
of PCB3. We did not find strong evidence for the formation of
2′3′-diOH-PCB3 and 2′5′-diOH-PCB3 in vivo. Because we
observed both hydroxylated and sulfated metabolites in lungs
and brain, we recognize the possibility of in situ metabolism of
PCB3 in tissues other than liver.
Hydroxylated metabolites are converted to more water-

soluble forms by cytosolic sulfotransferases (SULTs) and UDP
glucuronosyl transferases (UGTs) to respective O-sulfate and
O-glucuronide conjugates. Although both SULTs and UGTs
act upon the same substrate, there is a complex mechanism that
governs the substrate preference of these enzymes. Many OH-
PCBs of lower chlorinated congeners are good substrates for
both SULTs and UGTs in vitro, although some of them have
been described as inhibitors for both enzymes.24,46−49

We found that the major conjugated metabolites of PCB3 in
female rats were 4′PCB3 sulfate and PCB3 catechol sulfate,
although small amounts of the glucuronide of monohydroxy-
lated PCB3 were also measured in bile. The dominance of the
sulfation pathway over glucuronidation is similar to our
previous study in male rats after a high dose i.p. exposure.27

These bile-cannulated rats were 12−14 week old females.
Studies have shown that expression of SULT1A1, a major
enzyme for sulfation of phenols, is significantly lower in adult
female rats compared to its level in adult male and young
female rats.50,51 Therefore, one possible explanation for
formation of glucuronides in the adult female rats could be
that they compensate for a deficiency in sulfation by utilizing
UGTs.
Besides sulfates, PCB3 mercapturate (m/z 348) is a major

urinary product of PCB3 formed following glutathione
conjugation to PCB3-arene oxide in rats.27 PCB mercapturate
is a precursor for the formation of methyl sulfone metabolites.52

Methyl sulfone is a major metabolic product of PCBs in marine
animals,53 and it is bioaccumulative in the food chain.54

Formation of methyl sulfones of PCB11 has also been
reported.34 Our calculation of the fraction of the dose excreted
in urine or feces over 24 h does not account for these
metabolites because of the lack of authentic standards, but these
metabolites may not account for more than 40% of the
administered dose.
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Glucuronide conjugates of many drugs and xenobiotics are
preferentially excreted into bile cannaliculi.55,56 The absorption
of a xenobiotic into the hepatocyte occurs by passive diffusion
due to higher lipophilicity. Once it is metabolized to the less
lipophilic form, it requires energy-dependent transporters to be
eliminated from hepatocytes. The interaction of the metabolites
with transporters present at the basolateral membrane will
eliminate them into the systemic circulation, and they will
subsequently be excreted via urine, whereas their interaction
with the transporters at the apical membrane is expected to
deliver them into the bile. Our data indicate that glucuronide
and catechol sulfates are preferentially excreted into bile. A
mechanistic study on the interaction of these metabolites with
hepatic transporter protein is indicated.
Despite the very low concentration of free phenols in bile,

metabolites detected in feces were all phenols. Hydrolysis of
conjugated metabolites by gut microflora is very common.57

Therefore, it is likely that OH-PCB3s are regenerated in the
intestine from the sulfates or glucuronides elaborated in the
bile. Biliary secretion and enterohepatic reabsorption of PCB
and its metabolites have been described.58 Previously, Hass et
al. also observed that PCB3 excreted in bile over 4 h was more
than the cumulative amount excreted in feces over 48 h.43

Therefore, it is also likely that PCB3 metabolites undergo
enterohepatic cycling.
Urinary 8-hydroxy-2′-deoxyguanosine (8-oxo-dG) is a

common marker of exposure to environmental chemicals that
produce oxidative stress.59 Metabolic bioactivation of PCB3
occurs by the formation of arene oxides and PCB quinones.
These electrophiles have been shown to generate various
degrees of oxidative stress in many cell lines.22,23 However, in
this study, we measured the level of 8-oxo-dG in a composite
urine collected over 24 h and did not find a significant
difference between PCB3-exposed and control rats.
The serum chemistry of PCB3-exposed rats was similar to

that of control rats. Although a depletion of T4 from circulation
might be expected due to the high affinity of sulfated PCB
metabolites to transthyretin,14 no significant difference in free
T4 levels was observed in serum from control and PCB3-
exposed rats. Although this study did not observe toxic effects
of PCB metabolites, the lack of toxicity after acute inhalation
exposure could result from the rapid clearance of the
metabolites from serum. We suggest that toxic effects of PCB
metabolites might be revealed by a chronic exposure experi-
ment, which would provide a closer representation of an
exposure scenario that allows the PCB metabolites to remain in
the circulation for a longer period.
In conclusion, we exposed female SD rats to airborne PCB3

via nose-only inhalation for 2 h and investigated the disposition
of phenolic and sulfated metabolites of PCB3. We measured
the concentration in tissues, half-lives of clearance from serum,
biliary excretion, and amounts excreted in 24 h feces and urine.
After inhalation, PCB3 was rapidly metabolized to phenol and
conjugated mostly to sulfates. Over 60% of the inhaled dose of
PCB3 was recovered over 24 h postexposure from urine and
feces. This study has shown, for the first time, the disposition of
PCB sulfates in the lungs and brain.
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