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Abstract

Mammalian polychlorinated biphenyl (PCB) metabolism has not been systematically explored 

with nontarget high-resolution mass spectrometry (Nt-HRMS). Here we investigated the 

importance of the gut microbiome in PCB biotransformation by Nt-HRMS analysis of feces from 

conventional (CV) and germ-free (GF) adult female mice exposed to a single oral dose of an 

environmental PCB mixture (6 mg/kg or 30 mg/kg in corn oil). Feces were collected for 24 h after 

PCB administration, PCB metabolites were extracted from pooled samples, and the extracts were 
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analyzed by Nt-HRMS. Twelve classes of PCB metabolites were detected in the feces from CV 

mice, including PCB sulfates (PCB sulfates), hydroxylated PCB sulfates (OH-PCB sulfates), PCB 

sulfonates (PCB sulfonates), and hydroxylated methyl sulfone PCBs (OH-MeSO2-PCBs) reported 

previously. We also observed eight additional PCB metabolite classes that were tentatively 

identified as hydroxylated PCBs (OH-PCBs), dihydroxylated PCBs (diOH-PCBs), 

monomethoxylated dihydroxylated PCBs (MeO-OH-PCBs), methoxylated PCB sulfates (MeO-

PCB sulfates), mono- to tetra-hydroxylated PCB quinones ((OH)x-Q, x=1-4), and hydroxylated 

polychlorinated benzofurans (OH-PCDF). Most metabolite classes were also detected in the feces 

from GF mice, except for MeO-OH-PCBs, OH-MeSO2-PCBs, and OH-PCDFs. Semi-quantitative 

analyses demonstrate that relative PCB metabolite levels increased with increasing dose and were 

higher in CV than GF mice, except for PCB sulfates and MeO-PCB sulfates, which were higher in 

GF mice. These findings demonstrate that the gut microbiome plays a direct or indirect role in the 

absorption, distribution, metabolism, or excretion of PCB metabolites, which in turn may affect 

toxic outcomes following PCB exposure.

Capsule:

Female conventional and germ-free mice eliminate up to twelve classes of PCB metabolites with 

the feces following oral exposure to an environmental PCB mixture in a dose- and enterotype-

dependent manner.
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1. Introduction

Polychlorinated biphenyls (PCBs) are persistent organic pollutants (ATSDR, 2000). Their 

production was banned worldwide because of environmental and human health concerns. 

Despite their persistence in the environment, PCB congeners undergo biotransformation in 

mammals, resulting in the formation of potentially toxic metabolites (Dhakal et al., 2018; 

Grimm et al., 2015b; Kania-Korwel and Lehmler, 2016). Although there are species 

differences in the metabolism of PCBs, the overall metabolic pathways show similarities 

between humans and other species, including mice (Kania-Korwel and Lehmler, 2016; 

Lehmler et al., 2010). PCBs are initially oxidized by mammalian cytochrome P450 

enzymes, either by direct insertion of an oxygen atom into an aromatic C-H bond or via 

arene oxide intermediates that rearrange to hydroxylated PCBs (OH-PCBs). Subsequently, 
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OH-PCBs are conjugated to sulfate or glucuronide metabolites. There are a total of 837 

possible congeners for each of these metabolite classes (Dhakal et al., 2018). Alternatively, 

PCB arene oxides are conjugated with glutathione. The resulting glutathione conjugates are 

further metabolized to methyl sulfone PCBs (MeSO2-PCBs). These PCB metabolite classes 

can be further metabolized, for example, to hydroxylated sulfate or glucuronide conjugates, 

methylated conjugates of dihydroxylated metabolites, hydroxylated MeSO2-PCBs, or PCB 

quinone metabolites. PCB metabolites of lower chlorinated PCBs appear to be readily 

excreted with the urine, whereas the metabolites of higher chlorinated are typically excreted 

with the feces (Birnbaum, 1985).

Mammals are exposed environmentally to PCB mixtures containing over 100 individual 

congeners, which undergo congener specific metabolism to diverse PCB metabolites 

(Dhakal et al., 2018; Grimm et al., 2015b; Kania-Korwel and Lehmler, 2016). The resulting 

PCB metabolite mixtures can be highly complex and, in humans, are typically studied using 

serum (Bergman et al., 1994; Grimm et al., 2017; Koh et al., 2016) or, more recently, in 

urine (Haga et al., 2018; Quinete et al., 2016). Characterizing the complex PCB metabolite 

mixtures in laboratory animals and humans is important, considering the well-documented 

toxicities of PCB metabolites (Grimm et al., 2015b; Liu et al., 2020). Unfortunately, only a 

limited number of OH-PCBs and a few other PCB metabolites (e.g., PCB sulfates) are 

typically quantified in animal and epidemiological studies because only a small number of 

analytical standards are available. Nontarget high-resolution mass spectrometry (Nt-HRMS) 

approaches are a powerful alternative to study the complex PCB metabolite profiles present 

in laboratory animals, wildlife, and humans. For example, we recently detected hundreds of 

PCB metabolites in the serum of polar bears and discovered previously unidentified PCB 

metabolite classes using Nt-HRMS (Liu et al., 2018). In the same study, we confirmed that 

conventional (CV) mice excrete many of the same PCB metabolites in feces following 

exposure to the Fox River Mixture, an environmental PCB mixture associate with neurotoxic 

outcomes in rodent models (Dreiem et al., 2010; Kostyniak et al., 2005; Powers et al., 2006; 

Sable et al., 2009; Sable et al., 2006).

Exposure to PCBs, such as the Fox River Mixture, can alter the composition and function of 

the intestinal microbiome (Cheng et al., 2018; Choi et al., 2013; Lim et al., 2020; Petriello et 

al., 2018). The microbiome also contributes to the reductive metabolism and deconjugation 

of xenobiotics, including environmental contaminants (Claus et al., 2016; Klaassen and Cui, 

2015). Similar to other environmental pollutants (Li et al., 2017), it is likely that the 

microbiome plays a yet unexplored role in the disposition of PCB and their metabolites in 

rodent models and humans. Early studies demonstrate that the intestinal microbiome plays a 

role in the metabolism of PCB glutathione adducts to methyl sulfone PCBs (Bakke et al., 

1982; Brandt et al., 1982; Gustafsson et al., 1981). Moreover, sulfate and glutathione 

conjugates of OH-PCBs are excreted into the intestinal content, where they may be subject 

to deconjugation reactions. The resulting OH-PCBs may undergo enterohepatic circulation, 

thus increasing the half-life of these potentially toxic metabolites (Roberts et al., 2002). It is 

unknown how the intestinal microbiome alters the PCB metabolite profile in feces or affects 

toxicity by potentially altering PCB toxicokinetics.
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Here, we report a semi-quantitative analysis of the PCB metabolite profiles in feces from CV 

and germ-free (GF) mice, sampled during a previously described toxicity study (Cheng et 

al., 2018; Liu et al., 2018). The goals were to use an Nt-HRMS approach to explore dose- 

and enterotype-dependent differences in the relative levels of PCB metabolite classes in 

feces and to examine the presence of new PCB metabolites. These fundamental studies lay 

the groundwork for future research investigating the role of dysbiosis of the microbiome in 

the disposition and toxicity of PCBs.

2. Materials and Methods

2.1. Animal maintenance and exposure to PCBs

The Fox River Mixture approximates human PCB exposures from the consumption of fish 

from the PCB contaminated Fox River in Wisconsin, USA (Kostyniak et al., 2005). This 

environmental PCB mixture was prepared by mixing Aroclor 1242, Aroclor 1248, Aroclor 

1254, and Aroclor 1260 at a weight ratio of 35:35:15:15 and authenticated as reported 

previously (Cheng et al., 2018; Liu et al., 2018). Female GF and CV mice on the C57BL/6 

background were housed according to guidelines from the Association for Assessment and 

Accreditation of Laboratory Animal Care International in the animal facility at the 

University of Washington. The study was approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Washington.

As described previously, the initial breeding colony of GF mice on the C57BL/6 background 

was established with mice purchased from the National Gnotobiotic Rodent Resource Center 

(University of North Carolina, Chapel Hill, NC) (Cheng et al., 2018; Liu et al., 2018). All 

mice were housed according to the Association for Assessment and Accreditation of 

Laboratory Animal Care International guidelines, and the animal studies were approved by 

the Institutional Animal Care and Use Committee at the University of Washington (Seattle, 

WA, USA). The GF mice were fed a laboratory autoclaved rodent diet (LabDiet #5010); 

LabDiet, St. Louis, MO, USA) and nonacidified autoclaved water, and maintained on 

autoclaved Enrich-N’Pure bedding (Andersons, Maumee, OH, USA). Germ-free 

maintenance colonies were housed in germ-free isolators, and the germ-free status was 

routinely monitored through fecal pellet culture and 16S rDNA qPCR of universal bacteria. 

Chemical treatment was performed after germ-free mice were transferred in sterile 

conditions to the Techniplast caging system. The germ-free status of the GF mice was 

further confirmed through 16S rDNA qPCR analysis at the end of the experiment. In 

addition, specific pathogen-free female C57BL/6J mice (CV mice) were purchased from the 

Jackson Laboratory (Bar Harbor, Maine) and acclimated to the animal facility at the 

University of Washington for one week before beginning PCB exposure. The CV mice were 

maintained analogous to the GF mice in the sterile Techniplast caging system on autoclaved 

Enrich-N’Pure bedding with autoclaved rodent diet and nonacidified water.

At 90 days of age, female GF mice (mice without a microbiome) and CV mice (mice with a 

microbiome) were exposed by oral gavage to corn oil (vehicle control), low-dose Fox River 

Mixture (LD, 6 mg/kg), or high-dose Fox River Mixture (HD, 30 mg/kg) in corn oil (Cheng 

et al., 2018; Liu et al., 2018) with each group containing 6-8 individual mice. Fecal samples 

were collected 24 h after PCB administration and stored at −80°C in glass vials. The average 
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amount of feces samples from each exposure groups were gut microbiome dependent, i.e., 

the GF mice produced more feces than CV mice in the same experimental period (CVcontrol: 

0.62 g/mouse, n = 8; CVLD: 0.63 g/mouse, n = 8; CVHD: 0.56 g/mouse, n = 8; GFcontrol: 

0.88 g/mouse, n = 6; GFLD: 0.93 g/mouse, n = 6; GFHD: 0.91 g/mouse, n = 7).

2.2. Sample extraction and instrument analysis

Feces samples were pooled across animals from the same exposure group (i.e., conventional 

mice exposed to the high dose [CVHD], low dose [CVLD], or vehicle [CVcontrol], and germ-

free mice exposed to the high dose [GFHD], low dose [GFLD], or vehicle [GFcontrol)]) to 

generate one large pooled sample by grinding in a mortar and, thus, to minimize the intra- 

and inter-individual variability of the feces samples analyzed. Two hundred milligrams of 

the pooled feces samples were homogenized in 2 mL of water with TissueRuptor (Qiagen, 

Hilden, Germany) for 30 seconds (Liu et al., 2018). Two solvent blanks without feces (i.e., 

method blanks) were extracted in parallel to control for any background contamination. 3-

F,4′PCB 3 sulfate (sulfuric acid mono-(4′-chloro-3′-fluoro-biphenyl-4-yl ammonium salt; 5 

ng in acetonitrile) was spiked to each homogenate as internal standard (Dhakal et al., 2012), 

6 mL of acetonitrile was added, and the samples were mixed and centrifuged at 1,800 g for 5 

min. Supernatants were transferred to new glass vials. The pellets were re-extracted with 4 

mL of fresh acetonitrile/water mixture (3:1, v/v), and, after inverting and centrifugation, the 

supernatant was combined with the above extract. The combined supernatants (~12 mL) plus 

a 2 mL acetonitrile rinse solution were loaded onto a methanol-preconditioned HybridSPE 

cartridge (500 mg/6mL, Sigma-Aldrich, St. Louis, MO, USA) for phospholipid and protein 

removal before being subjected to a stir bar-sorptive extraction (SBSE) process as described 

in the following. Briefly, HybridSPE extracts were concentrated with high purity nitrogen 

gas at 35°C to ~ 1.75 mL in a 15 mL glass tube. The sample was then transferred to a 20 mL 

glass vial, and 200 μL of ACN:H2O = 1:1 (v/v) and 1 mL of H2O were used successively to 

rinse the sample tube. Sodium carbonate (0.05 M) and water were used to make up the total 

volume to 10 mL (pH 10.5). After adding 0.09 g of tetrabutylammonium bromide (TBABr), 

a magnetic stir bar, and ten 10 mm-long PES capillary segments (UltraPES0.7, 0.7 mm outer 

diameter, 150 μm wall thickness; 3M Deutschland GmbH, Wuppertal, Germany), the 

samples were sealed and placed on a magnetic stirrer (700 rpm) for 36 h at room 

temperature. All PES segments were then removed, rinsed with water, and immersed in 1 

mL methanol for 30 min for analyte desorption. After removing the PES capillaries, the 

extracts were dried with high purity nitrogen gas, reconstituted in 100 μL of water:methanol 

= 1:1 (v/v) and filtered.

An Orbitrap Elite™ hybrid mass spectrometer (Thermo Fisher Scientific, San Jose, CA, 

USA) coupled with an Accela HPLC was used for the analyses of the extracts, as described 

(Liu et al., 2018). An Xselect CSH C18 XP column (130 Å pore size, 2.5 μm particle size, 3 

mm inner diameter, 150 mm length; Waters, Milford, MA) was employed with a mobile 

flow rate and pressure of 0.5 mL/min and 400-900 bar, respectively. Water and methanol 

were used as mobile phase A and B, respectively. Both mobile phases contained 2 mM 

ammonium acetate and 2 mM 1-methyl piperidine (pH of mobile phase A = 9.8). The HPLC 

gradient program was as follows: starting at 38% B, increased linearly to 50% B between 

0.17 and 2.67 min, then to 99% B at 41 min, held for 6 min, and returning to 38% B with a 
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hold for 6 min before the next injection. The sample injection volume was 20 μL of the final 

extract, with instrumental blanks (i.e., 50% H2O/50% MeOH) used to monitor for carryover.

The Orbitrap was operated in negative electrospray ionization mode. The source parameters, 

including capillary voltage, capillary temperature, vaporizer temperature, sheath gas, 

auxiliary gas, and sweep gas, were 5 kV, 275 °C, 325 °C, 40, 5, and 2 (arbitrary units), 

respectively. Analyses were performed in the full scan mode (m/z=150-1500, Orbitrap 

resolution 120,000). These analyses were performed in parallel with our extensive 

characterization of PCB metabolites in the polar bear serum (Liu et al., 2018), where an 

additional structural characterization analysis (i.e., MS/MS) was performed following full-

scan. Before performing any analysis, the Orbitrap was calibrated to ensure the high 

resolution and high mass accuracy, and serial OH-PCBs and PCB sulfate standard solutions 

were injected to evaluate instrumental and method sensitivity, as detailed in our previous 

polar bear study (Liu et al., 2018).

2.3 Identification of PCB metabolites

A suspect screening list with the molecular ion formulas and m/z values of potential mono- 

to deca-chlorinated PCB metabolites was developed based on the known composition of the 

Fox River Mixture (Cheng et al., 2018; Kostyniak et al., 2005; Liu et al., 2018) and 

published studies to identify PCB metabolites in the feces of PCB exposed mice (Dhakal et 

al., 2012; Grimm et al., 2015b; Liu et al., 2018). Chromatographic peak extraction against 

m/z values of each potential PCB metabolites was performed manually with the CVHD and 

GFHD sample using Xcalibur software (version 1.0.51.0, Thermo Scientific), and important 

parameters in the extraction process included mass tolerance (±5 ppm), mass precision 

decimals (5), and corrected isotopic patterns (e.g., the spectral peak height follows M:(M

+2):(M+4)=100:97:31 for trichlorinated OH-PCBs). Whenever a potential PCB metabolite 

was discovered, control mice sample and method blanks were checked for possible false 

positive and/or background contamination. This approach allowed us to assign a confidence 

level of 4 (Schymanski et al., 2014) to all metabolites within a metabolite class (Scheme 1 

and Figure 1). In our parallel study (Liu et al., 2018), some of the metabolites were further 

identified with a confidence level of 3 based on the MS/MS analysis of their molecular ions 

(i.e., the molecular formula was certain, but the position of chlorine and functional group 

substitutions could not be confirmed).

2.4 Semi-quantitative analysis of PCB metabolites

The Nt-HRMS chromatograms of suspect PCB metabolites were extracted with Xcalibur 

software (version 1.0.51.0, Thermo Scientific), and only peaks with matching isotope 

patterns and ring double bond (RDB) equivalents were integrated (details see Table S1). For 

each PCB metabolite class (i.e., PCB metabolites with the same functional groups) or each 

metabolite homolog (i.e., PCB metabolite isomers with the same chlorine numbers), peak 

areas of all detected metabolites were summed up and normalized to the peak area of the 

internal standard, 3-F,4′PCB 3 sulfate, and the resulting relative metabolite levels are 

reported as Σmetabolites. These Σmetabolite values obtained from the extract of each pooled 

feces sample were then adjusted with the average amount of feces that was produced by one 
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mouse in each exposure group in the 24 h exposure period, and the resulting data were used 

for group comparison.

Chromatograms showed that some hydroxylated PCB metabolites (i.e., OH-PCBs, 

dihydroxylated PCBs (DiOH-PCBs), and monomethoxylated DiOH-PCBs (MeO-OH-

PCBs)) co-eluted with a sulfate metabolite (i.e., PCB sulfate, hydroxylated PCB sulfates 

(OH-PCB sulfate), and methoxylated PCB sulfates (MeO-PCB sulfates)). Thus, the 

hydroxylated fragment ions from the corresponding sulfate metabolite would have 

contributed to the peak area of these hydroxylated metabolites. We, therefore, used two 

approaches to correct for the contribution of these fragment ions to the peak area of each 

affected hydroxylated PCB metabolites: (1) subtracting the estimated hydroxylated 

metabolite peak area resulting from the fragmentation of the co-eluting sulfate metabolites. 

The estimated peak area was obtained by multiplying the sum of the peak area of the co-

eluting PCB sulfate metabolites by an adjustment factor derived from the internal standard 

signals in the same sample, [3-F,4′PCB 3-O]−/[3-F,4′PCB 3 sulfate]− (see Table S1 and S2). 

(2) Alternatively, we made the correction by excluding hydroxylated PCB metabolite peaks 

that co-eluted with a sulfate metabolite (see data in parentheses in Table S1). The raw data, 

including the raw instrument data, for individual PCB metabolites and total peak areas for 

all metabolite classes, are available free of charge through Iowa Research Online (Li et al., 

2020).

3. Results and Discussion

3.1. Identification of PCB metabolites eliminated with the feces

As shown in Scheme 1 and Figure 1, we tentatively identified and proposed 12 classes of 

PCB metabolites in mice feces, including the four PCB metabolite classes that were 

identified (with a confidence level of 3) and reported in our study comparing the fecal PCB 

metabolites of CV mice to PCB metabolites present in polar bear serum (Liu et al., 2018), 

including PCB sulfates, hydroxylated PCB sulfates (OH-PCB sulfates), PCB sulfonates, and 

hydroxylated methyl sulfone PCBs (OH-MeSO2-PCBs) (Scheme 1). Here, we identify eight 

additional PCB metabolite classes in the feces from mice exposed to the Fox River Mixture, 

with a confidence level of 3 or 4, including OH-PCBs, DiOH-PCBs, MeO-OH-PCBs, MeO-

PCB sulfates, and mono- to tetrahydroxylated PCB quinones ((OH)n-Q, n=1-4) (Scheme 1). 

None of the 12 classes were detected in any control mice groups or method blanks.

All 12 PCB metabolite classes were detected in feces from CV mice, and detailed 

information are as follows: PCB sulfates (C12H9-nClnSO4
−, n=2-7; ~50 total analytes), OH-

PCB sulfates (C12H9-nClnSO5
−, n=1-7; ~65 total analytes), PCB sulfonates 

(C12H9-nClnSO3
−, n=1-7; ~31 total analytes), OH-MeSO2-PCBs (C13H11-nClnSO3, n=2-5; 

~21 total analytes), OH-PCBs (C12H9-nClnO, n=1-8; > 63 total analytes), DiOH-PCBs 

(C12H9-nClnO2, n=2-7; > 20 total analytes), MeO-OH-PCBs (C13H11-nClnO2, n=2-5; > 52 

total analytes), MeO-PCB sulfates (C13H11-nClnSO5
−, n=1-5; ~32 total analytes), OH-Q 

(C12H7-nClnO3, n=1-6, ~37 analytes), (OH)2-Q (C12H7-nClnO4, n=1-5, ~21 analytes), 

(OH)3-Q (C12H7-nClnO5, n=1-5, ~25 analytes), and (OH)4-Q (C12H7-nClnO6, n=2-3, ~9 

analytes). Most, but not all PCB metabolite classes present in feces from CV mice were also 

observed in GF mice (Table S1).
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The formation of mono-hydroxylated metabolites and the corresponding sulfate and 

glucuronide conjugates is well documented across species, including humans (Grimm et al., 

2017; Lucier et al., 1978; Wu et al., 2020); however, the excretion of these metabolites with 

the feces has received limited attention. The formation of DiOH-PCBs and their conjugates 

has also been observed in diverse animal models (Dhakal et al., 2012; Grimm et al., 2015a; 

Haraguchi et al., 2004). It is unknown if these metabolites are formed in vivo by oxidation of 

mono-hydroxylated PCBs, as indicated by in vitro metabolism studies (Lu et al., 2013; 

McLean et al., 1996), or by oxidation of the mono-sulfated or mono-glucuronidated 

metabolite, as suggested by an in vivo disposition study (Grimm et al., 2015a). There is also 

evidence that hydroxylated-methoxylated PCB metabolites are formed in mammals 

(Ariyoshi et al., 1997; Goto et al., 1974; Hutzinger et al., 1974). Although this has not been 

shown experimentally, indirect evidence indicates that these metabolites are formed by 

methylation of a PCB catechol metabolite by catechol-O-methyltransferase (COMT) 

(Sadeghi-Aliabadi et al., 2007).

Chromatograms and mass spectra showing, for example, the presence of trichlorinated 

mono- and dihydroxylated quinones in feces from CV mice exposure to 30 mg/kg of the Fox 

River Mixture are shown in Figure 2. The formation of reactive and toxic PCB quinone 

metabolites from DiOH-PCBs has been demonstrated in vitro (Amaro et al., 1996). There is 

also evidence that PCB quinones are formed in rats exposed to PCB 52 (2,2′,5,5′-
tetrachlorobiphenyl) (Lin et al., 2000), a major congener present in the Fox River Mixture 

(Kostyniak et al., 2005). Thus, it is not unexpected that hydroxylated PCB quinones are 

formed in vivo, for example, via the oxidation of polyhydroxylated PCB metabolites; 

however, additional experiments are needed to confirm the structure of this new class of 

PCB metabolites.

Traces of metabolites with the general formula C12H7-nClnO2 (n=2-5, ~21 analytes) were 

detected in feces from the CV but not the GF mice. These metabolites were tentatively 

identified as hydroxylated polychlorinated benzofurans (OH-PCDFs, Figure S2). OH-

PCDFs can be formed from 2-chloro-2′-hydroxy PCBs during gas chromatographic-mass 

spectrometry (GC-MS) analysis on electron impact (EI) mode (Li et al., 2009). However, 

this possible formation pathway is unlikely in vivo because the oxidation of PCBs in the 

ortho position is, at best, a minor metabolism pathway in mammals (McLean et al., 1996; 

Wu et al., 2013). Besides, the collision energy of the Nt-HRMS analyses is much lower 

compared to gas chromatographic analyses, thus making the formation of breakdown 

products during the analysis unlikely. It is more probable that OH-PCDF metabolites are 

formed from polychlorinated benzofurans (PCDF) impurities that are present in Aroclor 

1254 (Johnson et al., 2008; Morita et al., 1978).

PCB glucuronides were not detected in any feces samples. In contrast, PCB glucuronides 

have been observed in rat and human urine samples (Dhakal et al., 2012; Grimm et al., 

2017). A PCB 11 glucuronide was detected in the bile of rats exposed intravenously to a 

PCB 11 sulfate (Grimm et al., 2015a). Moreover, rat UDP-glucuronosyltransferases (UGTs) 

are also known to metabolize OH-PCBs to PCB glucuronides in vitro (Daidoji et al., 2005; 

Tampal et al., 2002) and modulate the OH-PCB and DiOH-PCB profiles in vivo (Haraguchi 

et al., 2004). We detected a hydroxylated PCB glucuronide in urine from mice exposed 
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orally to a PCB 91 (2,2’,3,4’,6-pentachlorobiphenyl) (Wu et al., 2020). It is possible that 

PCB glucuronides were not eliminated with the feces of CV mice because they are rapidly 

deconjugated to OH-PCBs by microbial glucuronidases in the gastrointestinal tract. 

Alternatively, these metabolites were not extracted onto the polyethersulfone stir bars 

because of their high polarity.

We also did not observe glutathione adducts or metabolites from the mercapturic acid 

pathway, despite that some PCB mercapturic acids can be eliminated with rat feces (Dhakal 

et al., 2012). Although we detected OH-MeSO2-PCBs, the presumed intermediate 

metabolites were not detected in our analysis. It is not surprising that we did not observe 

OH-MeSO2-PCBs in GF mice because the gut microbiome plays a role in the formation of 

MeSO2-PCBs, putative precursors on OH-MeSO2-PCBs, in rodents (Brandt et al., 1982; 

Gustafsson et al., 1981).

3.2 Relative levels of PCB metabolites in the feces

GF mice have an altered hepatic expression of xenobiotic processing genes, including genes 

involved in the metabolism of PCBs (Selwyn et al., 2015). Besides, GF mice cannot 

conjugate host metabolites, such as sulfated and glucuronidated PCB metabolites, in the 

lumen of the gastrointestinal tract due to the absence of bacterial deconjugating enzymes. 

We semi-quantitatively determined the levels of the different metabolite classes, as the sum 

of the relative peak areas (Σmetabolites) adjusted for feces weight, to explore how 

differences in host and microbial metabolism affect the excretion of PCB metabolites.

Overall, the approach used to calculate the Σmetabolites for hydroxylated PCB metabolites 

(i.e., OH-PCBs, DiOH-PCBs, and MeO-OH-PCBs) did not change the trends observed and 

discussed in the manuscript. Using either of the two peak area correction methods, OH-

PCBs were the major metabolites in CV mice compared to other metabolite classes, 

irrespective of dose and enterotype (Figure 3). The Σmetabolites for different metabolite 

classes were typically 4- to 19-fold higher in the high vs. low PCB exposure group of CV 

mice (Table S2), which is consistent with the 5-fold difference in the PCB dose. Other major 

metabolite classes were PCB sulfates, DiOH-PCBs, and OH-PCB sulfates. Besides, PCB 

sulfonates, metabolites that we reported for the first time in the serum from polar bears (Liu 

et al., 2018), were also major PCB metabolites in mice. MeO-OH-PCBs, MeO-PCB sulfates, 

(OH)n-quinones (n=1-4), and OH-PCDFs were relatively minor metabolites. Interestingly, 

compared to other class of PCB metabolites, the homolog profiles of the novel (OH)n-

quinone metabolites showed a shift to lower chlorinated metabolites. Mono to trichlorinated 

(OH)n-quinones accounted for > 72% of the relative levels of these four metabolite classes. 

In contrast, OH-PCB metabolites with ≤ three chlorine substituents accounted for 

approximately 40% of the ΣOH-PCBs in CV mice. For comparison, the Fox River Mixture 

contains 18.5 % of mono- to trichlorinated PCBs. The detection of mostly lower chlorinated 

(OH)n-quinone metabolites is consistent with the faster metabolism of lower than higher 

chlorinated PCBs (Lucier et al., 1978; Matthews and Anderson, 1975).

In GF mice, PCB sulfates, OH-PCB sulfates, and MeO-PCB sulfates were the major 

metabolite detected in feces (Figure 3). The total levels of the metabolite classes were 

typically higher in the high vs. low exposure group of GF mice, consistent with the 
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difference in the PCB dose administered to the GF mice. Interestingly, the ΣPCB sulfates 

and ΣMeO-PCB sulfates were 2- and 1.7-fold higher in GF compared to CV mice in the 

high and low PCB exposure groups, respectively. The levels of ΣOH-PCB, ΣDiOH-PCB, 

ΣMeO-OH-PCB, and, to a lesser extent, ΣOH-PCB sulfate metabolites were more elevated 

in CV compared to GF mice. The putative quinone and OH-PCDF metabolites were 

typically not detected in feces from GF mice.

PCB sulfonate levels showed dose- and gut microbiome-dependent differences (Table S2). 

The ΣPCB sulfonates differed by 5.7- and 16-fold between the high and low exposure 

groups in CV and GF mice, respectively. Levels of these metabolites were 11-times higher in 

CV than GF mice in the high exposure group, whereas this difference was 29-fold in the low 

exposure group. The differences in the ΣPCB sulfonate levels by enterotype suggest that gut 

microbial metabolism plays a role in forming this novel class of PCB metabolites. At the 

same time, the dose-dependent differences in both CV and GF mice may be the result of 

differences in host metabolism. This interpretation of our findings is consistent with the 

observation that PCBs induce the hepatic expression of cytochrome P450 enzymes in a dose-

dependent manner in mice (Lim et al., 2020; Robertson et al., 1984). However, it remains 

unclear how the sulfonate metabolites are formed in mice.

The differences in the relative levels of the Σmetabolites (Figure 3), ultimately, translate into 

different metabolite profiles when comparing PCB metabolite classes (Figure 1, Table S3) 

and homologs of a specific metabolite class between CV and GF mice (Figure S1). In 

contrast, PCB metabolite profiles are very similar when comparing the low to the high PCB 

exposure groups for each enterotype (Table S3). The pronounced differences between CV 

and GF mice may be due to physiological differences between GF and CV mice, including 

differences in host and microbial PCB metabolism. We demonstrated that exposure to the 

Fox River Mixture differentially affects the hepatic expression of xenobiotic processing 

genes (Lim et al., 2020). For example, CV showed a more pronounced induction of 

cytochrome P450 enzymes involved in the metabolism of PCBs in the liver than GF mice. 

This observation is consistent with the typically lower levels of PCB metabolites in GF 

compared to CV mice. Our previous study of the liver transcriptome also revealed a PCB-

mediated upregulation of sulfotransferases in GF mice (Lim et al., 2020), which may explain 

the higher levels of different sulfate metabolites in GF compared to CV mice. Moreover, 

microbial sulfatase activity likely contributes to the deconjugation of some PCB sulfate 

classes to the corresponding (Di)OH-PCBs (Cheng et al., 2018), thus resulting in higher 

levels of hydroxylated metabolites in the CV than the GF mice. Besides, other physiological 

differences, such as the larger cecum and the higher intestinal motility of GF than CV mice, 

as well as differences in the composition of the gastrointestinal content (Nicklas et al., 

2015), may explain the different profiles and relative levels of PCB metabolites in the fecal 

pellet from GF and CV mice. Indeed, GF mice produced a large amount of feces than CV 

mice in the 24 h study duration.

4. Conclusions

Our results demonstrate differences in the fecal excretion of PCB metabolites that depend on 

the presence or absence of the gut microbiome. Because PCBs alter the composition and 

Li et al. Page 10

Environ Pollut. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function of the microbiome, it is likely that dysbiosis of the microbiome alters the excretion 

of PCB metabolites and, consequently, may affect the disposition and, ultimately, toxicity of 

PCBs in rodent and humans. Although some structures of new metabolites require further 

confirmation, and we only performed a semi-quantitative analysis, OH-PCBs appear to be 

major metabolites in the feces of CV but not GF mice. Since the Σmetabolites for most 

metabolite classes are lower in GF than CV mice and the hepatic activity of many drug-

metabolizing enzymes is lower in GF than CV mice, we hypothesize that the host 

metabolism of PCBs may be less extensive in GF than CV mice. Alternatively, the 

absorption, distribution, or excretion of PCBs and their metabolites may fundamentally 

differ between GF and CV mice due to physiological differences, a possibility that warrants 

further attention. Our results also reveal that some sulfated metabolites are more readily 

excreted with the feces in GF mice, possibly due to the absence of gut microbial 

metabolism. In contrast, the sulfated PCB metabolites are deconjugated in the 

gastrointestinal tract of CV mice, resulting in OH-PCB metabolites that undergo 

enterohepatic circulation. As a result, OH-PCBs are expected to have a longer half-life in the 

CV than GF mice. These findings demonstrate for the first time that the gut microbiome 

plays a role in the distribution, metabolism, and excretion of hydroxylated PCB metabolites 

and their conjugates. Further studies are, therefore, needed to assess how the microbiome 

affects the toxicokinetics and toxicodynamics of PCBs in mice and humans.
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Highlights

• PCB metabolites were identified with non-target high-resolution mass 

spectrometry

• Feces from mice exposed to a PCB mixture contained twelve PCB metabolite 

classes

• PCB metabolite levels were typically higher in conventional than germ-free 

mice

• Levels of some sulfated metabolites were higher in germ-free than 

conventional mice

• Some PCB metabolite classes were not detected in conventional mice
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Figure 1. 
A heatmap-style comparison of the relative levels of the sum of the PCB metabolites 

(Pmetabolites) and a summary of the PCB metabolites detected in feces from CV and GF 

mice exposed orally to the Fox River Mixture. Confidence levels were assigned as described 

(Schymanski et al., 2014). Briefly, a confidence level of 3 represents tentative PCB 

metabolites with possible structures but an unconfirmed position of substituents. A 

confidence level of 4 describes PCB metabolites identified based on the molecular formula 

and the isotope pattern.
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Figure 2. 
Representative chromatograms showing the presence of several trichlorinated (a1) MeO-

OH-PCB, (a2) MeO-PCB sulfate, (a3) OH-quinones, and (a4) (OH)2-quinones in feces from 

female CV mice exposed to the high dose (30 mg/kg) of the Fox River mixture. 

Representative mass spectra with the molecular ions are shown for each metabolite class 

(panels b1-b4). Only representative structures are shown; the position of the substituents is 

unknown.
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Figure 3. 
The sum of the relative peak area of selected major PCB metabolites in the 24 h exposure 

period shows dose- and gut microbiome-dependent differences in feces samples from CV 

and GF mice. Data are the sum of the peak areas of PCB metabolites adjusted by the internal 

standard and the feces weight to account for the different amount of feces excreted over 24 h 

by CV vs. GF mice. For the relative peak areas of metabolites by class and homolog group, 

see Table S1–2.
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Scheme 1. 
Mice metabolize and excrete at least twelve distinct classes of PCB me-tabolites with the 

feces, based on the semi-quantitative characterization of the fecal PCB metabolite profiles in 

CV and GF mice (Dhakal et al., 2012; Grimm et al., 2015b; Kania-Korwel and Lehmler, 

2016; Liu et al., 2018). Only representative structures are shown; the position of the 

substituents is unknown. Metabolites that were detected in our study are indicated with a 

blue label. Newly detected PCB metabolites are shown as bold structures. A: Cytochrome 

P450; B: Sulfotransferase; C: Epoxide hydrolase; D: Dihydrodiol dehydrogenase; E: 
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Glutathione-S-transferase; F: γ-glutamyl transpeptidase; G: Cysteinylglycinase; H: Cysteine 

S-conjugate β-lyase; I: Cysteine S-conjugate N-acetyltransferase; J: Thiol-S-

methyltransferase; K: Flavin containing monooxygenases; L: Catechol O-methyltransferase; 

M: Sulfatase.
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