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ABSTRACT

Polychlorinated biphenyls (PCBs) are ubiquitously detected and have been linked to metabolic diseases. Gut microbiome is
recognized as a critical regulator of disease susceptibility; however, little is known how PCBs and gut microbiome interact to
modulate hepatic xenobiotic and intermediary metabolism. We hypothesized the gut microbiome regulates PCB-mediated
changes in the metabolic fingerprints and hepatic transcriptome. Ninety-day-old female conventional and germ-free mice
were orally exposed to the Fox River Mixture (synthetic PCB mixture, 6 or 30 mg/kg) or corn oil (vehicle control, 10 ml/kg),
once daily for 3 consecutive days. RNA-seq was conducted in liver, and endogenous metabolites were measured in liver and
serum by LC-MS. Prototypical target genes of aryl hydrocarbon receptor, pregnane X receptor, and constitutive androstane
receptor were more readily upregulated by PCBs in conventional conditions, indicating PCBs, to the hepatic transcriptome,
act partly through the gut microbiome. In a gut microbiome-dependent manner, xenobiotic, and steroid metabolism
pathways were upregulated, whereas response to misfolded proteins-related pathways was downregulated by PCBs. At the
high PCB dose, NADP, and arginine appear to interact with drug-metabolizing enzymes (ie, Cyp1–3 family), which are highly
correlated with Ruminiclostridium and Roseburia, providing a novel explanation of gut-liver interaction from PCB-exposure.
Utilizing the Library of Integrated Network-based Cellular Signatures L1000 database, therapeutics targeting anti-
inflammatory and endoplasmic reticulum stress pathways are predicted to be remedies that can mitigate PCB toxicity. Our
findings demonstrate that habitation of the gut microbiota drives PCB-mediated hepatic responses. Our study adds
knowledge of physiological response differences from PCB exposure and considerations for further investigations for gut
microbiome-dependent therapeutics.

Key words: bioinformatics; cytochrome P450; environmental chemicals; hepatotoxicity; metabolomics; molecular mecha-
nisms; RNA-seq; toxicogenomics; exposure; environmental; biotransformation.

Polychlorinated biphenyls (PCBs) were widely used as electric
coolants and insulators due to their chemical stability and fire
resistance and were banned from production in the United
States in 1979 due to their toxicity (Korrick and Sagiv, 2008).

PCBs bioaccumulate and are environmentally persistent with
an estimated 150 million pounds of PCBs dispersed in the envi-
ronment (Korrick and Sagiv, 2008). PCBs can be detected in food,
soil, water, human tissues, and serum (Boesen et al., 2019;
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Ellsworth et al., 2015; Grimm et al., 2015; Jahnke and Hornbuckle,
2019; Jin et al., 2019; Stremy et al., 2019; Weber et al., 2018). There
are several known adverse health effects of PCB exposure; epi-
demiological and animal models have demonstrated dysregula-
tion in neurodevelopment (Klocke and Lein, 2020; Schug et al.,
2015; Zhang et al., 2017), interference of thyroid hormone signal-
ing (Li et al., 2018), perturbation of the gut microbiome (Cheng
et al., 2018; Petriello et al., 2018), and development of type II dia-
betes (Dzierlenga et al., 2019; Meek et al., 2019; Rahman et al.,
2019; Tornevi et al., 2019) and cancer (Georgiadis et al., 2019;
Ghosh et al., 2018; He et al., 2017; Leng et al., 2016).

Comprised of an estimated 38 trillion bacteria in the gut,
millions of microbial genes functionally exist in the human
body (Kho and Lal, 2018; Sender et al., 2016; Yang et al., 2009).
Altered gut microbiome composition may indicate altered mi-
crobial function that affects the host, and gut dysbiosis may
serve as a biomarker for toxic exposure and diseases. The gut
microbiome contributes to xenobiotic biotransformation via
reactions including reduction and hydrolysis reactions. In addi-
tion, gut microbiome may also indirectly modify xenobiotic bio-
transformation activities of the host via microbial metabolites,
which can enter circulation and remotely regulate host signal-
ing in target organs (Fu and Cui, 2017; Klaassen and Cui, 2015;
Spanogiannopoulos et al., 2016). In addition to xenobiotic bio-
transformation, gut microbiota modulates host intermediary
metabolism by producing distinct microbial metabolites such as
secondary bile acids and short-chain fatty acids, and modifying
host metabolites such as amino acids, carbohydrates, and
nucleotides (den Besten et al., 2013; LeBlanc et al., 2017; Prawitt
et al., 2011, Scoville et al., 2019). It is increasingly recognized that
these intermediary metabolites are essential signaling mole-
cules in complex human diseases. Quantifying altered endoge-
nous metabolites in biological systems can lead to detailed
physiologically relevant biochemical status during diseases and
xenobiotic exposure (Ramirez et al., 2013). Integrating microbial
and metabolomic changes from toxic exposures can provide ad-
ditional insights to understanding the mechanisms of toxicity
or diseases related to dysbiosis.

The liver is a critical organ in xenobiotic metabolism and nu-
trient homeostasis. The individual steps in liver function are
delicately regulated by the interplay of hormones, cellular sig-
naling pathways, and nuclear receptors (NRs) and other tran-
scription factors (Bechmann et al., 2012). Through the biliary
tract, portal vein, and systemic mediators, the gut and liver ex-
tensively communicate with one another. It has been increas-
ingly recognized that the gut microbiome, through microbial
metabolites, mediate liver functions and play a role in interme-
diary metabolism modification and progression of toxicant-
induced liver diseases (Kolodziejczyk et al., 2019; Scoville et al.,
2019; Zhang et al., 2020). Using RNA-seq, transcriptomic signa-
tures following toxic exposure can reveal the perturbed biologi-
cal pathways, which serves as an initial step in predicting the
mechanisms of toxification. Furthermore, through comparing
the transcriptomic signatures following toxicant exposure and
xenobiotic-induced transcriptomic cellular responses, one may
predict the potential therapeutic remedies that may mitigate
the toxicity of these chemicals.

Previously, using the same PCB-exposed mice, our group has
showed that PCBs produce dysbiosis and modulates bile acid
metabolism in a gut microbiome-dependent manner (Cheng
et al., 2018). However, the global effect of PCB exposure and gut
microbiome interactions on the hepatic transcriptome has not
been characterized. Therefore, we tested our hypothesis that
the gut microbiome is a critical regulator of the interface

between xenobiotic biotransformation and intermediary meta-
bolic fingerprints following PCB exposure.

MATERIALS AND METHODS

Chemical preparation. The Fox River PCB mixture was prepared
from technical PCB mixtures as described previously (Cheng
et al., 2018). Briefly, Aroclor 1242, 1248, 1254, and 1260 were pre-
pared in pesticide grade acetone (50 mg/ml acetone) (purchased
from Fisher Scientific, Far Lawn, New Jersey) and mixed at a ra-
tio of 35:35:15:15, respectively, by weight. The acetone was then
evaporated and the solute PCB mixture was used in the study
upon successful congener-specific analysis.

Animals and chemical exposure. The experimental design is sum-
marized in Figure 1A. All mice were housed according to the
Association for Assessment and Accreditation of Laboratory
Animal Care International guidelines (https://aaalac.org/resour-
ces/theguide.cfm). All experiments were approved by
Institutional Animal Care and Use Committee (IACUC) at the
University of Washington. Three-month-old conventional (CV)
SPF-free female C57BL/6J mice were purchased from the Jackson
Laboratory (Bar Harbor, Maine) and were acclimated to the ani-
mal facility at the University of Washington at 74 degrees
Fahrenheit, 26% humidity, and 12-h light and dark cycle for 1
week prior to the experiment. Germ-free (GF) breeders in C57BL/
6 background were purchased from the National Gnotobiotic
Rodent Resource Center (University of North Carolina, Chapel
Hill). Pups born from GF mice were raised in the Gnotobiotic
Animal Core (GNAC) Facility at the University of Washington.
All mice had ad libitum access to standard laboratory autoclaved
rodent diet (LabDiet No. 5010 after weaning and LabDiet No.
5021 for breeding; LabDiet, St Louis, Missouri) and water (nona-
cidified autoclaved water). Animals were housed with auto-
claved bedding (autoclaved Enrich-N’Pure; Andersons, Maumee,
Ohio). Animals were monitored daily by the University of
Washington Department of Comparative Medicine technicians.

Female mice were used in this study to compare results and
as a follow-up with a previous publication on PCB-mediated de-
velopmental neurotoxicity, which used female mice (Kania-
Korwel et al., 2008a,b,c, 2010; Wu et al., 2013, 2015). Mice were ex-
posed to corn oil (vehicle control; 10 ml/kg body weight), or Fox
River mixture low dose (6 mg/kg body weight) or high dose
(30 mg/kg body weight), once daily between 8 and 10 AM for 3
consecutive days. Doses of PCBs were chosen to compare results
from a previous study (Cheng et al., 2018). Similar doses of PCBs
have been used to identify the induction of hepatic xenobiotic
metabolism-related expression, PCB disposition, and develop-
mental neurotoxicity (Kania-Korwel et al., 2008c, 2012; Poon
et al., 2013; Sable et al., 2011; Yang et al., 2009). The higher doses
of PCBs used in this study was to detect alterations in the gut
microbiome in a short time to connect to the hepatic responses
to add to future mechanistic studies. These PCB doses are also
below the dose of another human health relevant PCB mixture
that have been found in contaminated food, namely PCB-138,
PCB-153, and PCB-180 (150 lmol/kg or 43 mg/kg), which has been
shown to result in a PCB plasma level of 5 lM (Choi et al., 2010),
and is comparable with PCB plasma levels in an acutely exposed
human population (Jensen, 1989; Wassermann et al., 1979).

Tissues were harvested 24 h after the final dose. Whole blood
was collected via cardiac puncture and transferred to a
MiniCollect serum separator (Greiner Bio-One, Kremsmunster,
Austria), and was kept on ice for at least 30 min to allow suffi-
cient time for coagulation. Serum was collected by
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centrifugation at 4000 rpm (1503 � g) at 4�C for 20 min and was
stored at �80�C until use. Large intestinal contents was flushed
out in 15 ml of ice-cold phosphate-buffered saline (PBS) that
contains 0.1% dithiothreitol (DTT) (Sigma Aldrich, St Louis,
Missouri), and immediately frozen on dry ice Microbial DNA
was extracted using a with a method as previously (Cheng et al.,
2018). All tissues were immediately frozen in liquid nitrogen
and stored at �80�C until further analysis.

RNA isolation. Total RNA was extracted from frozen livers using
RNA-Bee reagent (Tel-Test, Inc, Friendswood, Texas) following
the manufacturer’s protocol. RNA concentrations were quanti-
fied using a NanoDrop 1000 Spectrophotometer (Thermo
Scientific, Waltham, Massachusetts) at 260 nm. The integrity of
total RNA samples was evaluated by agarose gel electrophoresis
with visualization of 18S and 28S rRNA bands under UV light,
and confirmed by an Agilent 2100 Bioanalyzer (Agilent
Technologies, Inc, Santa Clara, California). Samples with RNA
integrity numbers above 8.0 were used for RNA-seq in
triplicates.

RNA sequencing. The cDNA library was constructed using a ribo-
somal depletion method, and reads were sequenced using a
75 bp paired end sequencing per the Illumina manufacturer’s
protocol. Data were analyzed in triplicates FASTQ files were
demultiplexed and concatenated for each sample. Quality

control the FASTQ files was performed using FastQC (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/, last
accessed July 3, 2020). Sequenced reads from the FASTQ files
were then mapped to the mouse reference genome (National
Center for Biotechnology Information [NCBI GRCm38/mm10])
using HISAT2 version 2.1 (Kim et al., 2019). The sequencing
alignment/map (SAM) files were converted to binary alignment/
map (BAM) format using SAMtools version 1.8 (Li et al., 2009)
and were analyzed by Cufflinks version 2.2.1 to estimate the
transcript abundance (Trapnell et al., 2012) using Gencode
mouse version 22 (vM22) gene transfer format (GTF). The abun-
dance was expressed as fragments per kilobase of transcript per
million mapped reads (FPKM) and was converted to transcripts
per million (TPM). Genes were considered expressed if the TPM
of each gene were greater than the total sample number and if
the variance was greater than 1. Differential expression analysis
was performed using Cuffdiff (Trapnell et al., 2012). The differ-
entially expressed genes were defined as false discovery rate
(FDR) Benjamini-Hochberg adjusted p value < .05 in the
chemical-exposed groups compared with the vehicle-exposed
control group. Differentially expressed genes were also catego-
rized and matched with genes in categories of interest (xenobi-
otic biotransformation, epigenetic modifiers, NRs, oxidative
stress, and inflammation). Gene categories were generated
based on literature. If the absolute value of a gene was greater
than 1.5, it was considered as an up- or downregulated gene.

Figure 1. Experimental design of the study and summary of data. A, 90-day-old female conventional (CV) and germ-free (GF) mice were orally exposed to the Fox River

polychlorinated biphenyl (PCB) mixture (6 or 30 mg/kg) or corn oil (vehicle control, 10 ml/kg). Twenty-four hours the final dosing, organs were collected. RNA-seq, 16s

rDNA-seq, LC-MS were performed on the liver, large intestinal pellets, and liver and serum, respectively. B, Principal component analysis of the liver transcriptome

and liver and serum metabolome. Individual points on the principal components scale are labeled by enterotype and exposure. C, Venn diagrams of differentially

expressed genes of the liver and differentially abundant metabolites in the liver and serum.
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Dysregulation was defined as genes that were either up- or
downregulated. Venn diagrams were plotted for differentially
regulated genes for exposure group and enterotype using the R
package VennDiagram (Chen and Boutros, 2011). Hierarchical
clustering was performed using R package ComplexHeatmap
(Gu et al., 2016). Lists of differentially up- and downregulated
genes were used as input for gene ontology (GO) enrichment us-
ing the R package topGO (https://bioconductor.org/packages/re-
lease/bioc/vignettes/topGO/inst/doc/topGO.pdf) for all groups
with the list of genes in the unfiltered expression table was
used as the background. Box and whiskers plots were created
using ggplot2 (Wickham, 2016, http://ggplot2.org). The raw and
analyzed RNA-seq data are available Dryad: https://doi.org/10.
5061/dryad.wwpzgmsgf.

Potential therapeutics were inferred by Enrichr (https://amp.
pharm.mssm.edu/Enrichr/) using the Library of Integrated
Network-based Cellular Signatures (LINCS) L1000 database as a
reference, which is a National Institutes of Health-driven data-
base catalog containing around 28 000 drug and small molecule-
induced gene expressions at different doses and time points
(Subramanian et al., 2017; Wang et al., 2016). The Enrichr analy-
sis using the LINCS database is a computational prediction
through comparing the gene expression signatures from pub-
lished datasets and the dataset from this study. Specifically,
genes that were upregulated by PCBs in a gut microbiome-
dependent manner were queried against the chemicals that
downregulated the same genes; whereas genes that were down-
regulated by PCBs in a gut microbiome-dependent manner were
queried against the chemicals that downregulated the same
genes. The fundamental assumption of this analysis is that
chemicals that reverse the PCB-mediated gene expression sig-
natures may serve as candidate therapies to mitigate PCB toxic-
ity in liver. The top 15 hits were shown, with a FDR below 0.05.

Serum and liver preparation for aqueous metabolite measurement.
Frozen serum samples stored at �80�C were thawed overnight
under 4�C. 50 ll of each serum sample was placed in a 2 ml
Eppendorf tube and 250 ll of MeOH was added for the initial
step for protein precipitation and metabolite extraction. Each
liver sample (10 mg) was homogenized in 200 ll water in an
Eppendorf tube using a Bullet Blender homogenizer (Next
Advance, Averill Park, New York). An 800 ll of MeOH was added,
and after vortexing for 10 s, the samples were stored on dry ice
for 30 min. The samples were then sonicated in an ice bath for
10 min. Each serum and liver sample was then vortexed for 10 s
and stored at �20�C for 30 min, followed by centrifugation at
14 000 rpm for 10 min at 4�C. The supernatants (200 ll for serum
and 800 ll for liver) were collected into a new Eppendorf vial
and dried under vacuum using an Eppendorf Vacufuge
(Eppendorf, Hauppauge, New York). The dried samples were
reconstituted in 200 ll of 40% PBS/60% ACN. Liver and serum
metabolomics were performed in quadruplicates.

The targeted LC-MS/MS method used here was modeled af-
ter that developed and used in a growing number of studies
(Carroll et al., 2015; Shi et al., 2019; Zhu et al., 2014). Briefly, all LC-
MS/MS experiments were performed on an Agilent 1290 UPLC-
6490 QQQ-MS (Santa Clara, California) system. Each sample was
injected twice for analysis, with 10 ml using the negative ioniza-
tion mode and 4 ml using the positive ionization mode. Both
chromatographic separations were performed using the hydro-
philic interaction chromatography mode on a Waters XBridge
BEH Amide column (150 � 2.1 mm, 2.5-mm particle size, Waters
Corporation, Milford, Massachusetts). The flow rate was set to
0.3 ml/min, autosampler temperature was kept at 4�C, and the

column compartment was set at 40�C. The mobile phase was
composed of Solvents A (10 mM ammonium acetate, 10 mM am-
monium hydroxide in 95% H2O/5% ACN) and B (10 mM ammo-
nium acetate, 10 mM ammonium hydroxide in 95% ACN/5%
H2O). After the initial 1 min isocratic elution of 90% B, the per-
centage of Solvent B decreased to 40% at t¼ 11 min. The compo-
sition of Solvent B was maintained at 40% for 4 min (t¼ 15 min).
The percentage of B gradually went back to 90%, and the next
injection was prepared.

The mass spectrometer is equipped with an electrospray
ionization source. Targeted data acquisition was performed in
multiple-reaction-monitoring (MRM) mode. We monitored 118
and 160 MRM transitions in negative and positive mode, respec-
tively (278 transitions in total). The whole LC-MS system was
controlled by Agilent MassHunter Workstation software (Santa
Clara, California). The extracted MRM peaks were integrated us-
ing Agilent MassHunter Quantitative Data Analysis (Santa
Clara, California).

Data were analyzed in quadruplicates. Relative abundance
values for each metabolite in liver and serum were compared
using 1-way analysis of variance followed by Tukey’s post hoc
test using base R (R Core Team, 2017). Venn Diagrams and heat
maps were built using differentially abundant metabolites in
liver and serum using packages VennDiagram (Chen and
Boutros, 2011). Gene-metabolite network analysis was per-
formed using differentially abundant metabolites and differen-
tially regulated genes per each exposure group and enterotype
using Network explorer function in MetaboAnalyst (Chong et al.,
2018). Spearman correlation for differentially abundant metabo-
lites and differentially regulated genes were plotted using
ComplexHeatmap in R (Gu et al., 2016) for GF groups. Box and
whiskers plots were created using ggplot2 (Wickham, 2016).

16s rDNA sequencing and data analysis. For CV and GF mice ex-
posed to PCBs, in triplicates, the V4-amplified rDNA sequencing
FASTQ files were obtained as described previously (Cheng et al.,
2018, Dryad: https://doi.org/10.5061/dryad.wwpzgmsgf).
Bacterial abundance table for CV and conventionalized (exGF
mice introduced to bacteria by living in CV cage conditions for
2 months) was obtained as previously described (Selwyn et al.,
2016). The paired-end sequence reads, in triplicates, were
merged, demultiplexed, quality-checked, and chimera-filtered
using QIIME 2 (Callahan et al., 2016; Hall and Beiko, 2018; Mandal
et al., 2015; Vazquez-Baeza et al., 2013, 2017). Community com-
position and (Bokulich et al., 2013) the Silva 99 version 132 refer-
ence (Quast et al., 2012) using QIIME2 (Hall and Beiko, 2018). The
OTU table annotated with classified bacteria information was
read into R for further analysis (R Core Team, 2017). Negative bi-
nomial differential abundance testing was performed using the
R package DESeq2 (Love et al., 2014) following pipelines in phylo-
seq (McMurdie and Holmes, 2013). Differentially abundant bac-
teria and correlation tables of differentially abundant bacteria
(relative abundance of OTU) and metabolites, and differentially
regulated hepatic genes (Spearman correlation) were plotted us-
ing ComplexHeatmap (Gu et al., 2016).

RESULTS

Effect of PCB Exposure on the Hepatic Transcriptome as Well as
Hepatic and Serum Metabolome in CV and GF Mice
Principal component analysis was performed on the Z-normal-
ized expression and abundance matrix and was labeled by
enterotype and exposure group (Figure 1B). Clusters on normal-
ized expression levels on the principal component space
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showed that enterotype (ie, presence or absence of the gut
microbiome) was the primary factor in grouping the transcrip-
tomic and metabolomic signatures within the same exposure.
Although the coordinates of GF mice exposed to the PCB high
dose were distinct in the first principal component from the
other GF exposure groups, overall, no clear clusters were formed
among PCB-exposed groups within the same enterotype.

Venn diagrams were used to visualize the commonly and
differentially regulated genes and abundant metabolites be-
tween PCB-exposed group and the vehicle-expose group of the
same dose and enterotype (Figure 1C). Regarding the liver tran-
scriptome, exposure to PCBs had a greater effect on the CV
mice, having more differentially regulated genes than the GF
mice (Figure 1C top panel). Regarding the effect of the 2 PCB
doses, the number of differentially regulated genes was higher
in the high PCB dose group than the low PCB dose group in livers
of CV mice; however, in livers of the GF mice, the low PCB dose
differentially regulated more genes than the high PCB dose. The
majority of genes were uniquely regulated by PCBs in different
enterotype and PCB dose groups, with only 5 genes commonly
differentially regulated, namely Cyp1a2, Arntl, G6pc, and Sult2a1
(Supplementary Table 1A–D). In the liver transcriptome of CV
mice, most genes were commonly regulated between the low
and high PCB doses (ie, Cyp2a5, Mt1, Mt2, Slc16a1). Interestingly,
the bile acid metabolizing enzyme encoding Cyp8b1 was differ-
entially regulated by both the PCB doses only in GF conditions
(Supplementary Table 7).

Regarding the liver metabolome of amino acids, carbohy-
drates, and nucleotides, in general, GF mice had more differen-
tially regulated metabolites following PCB exposure than CV
mice that were exposed to the same dose of PCBs. The differen-
tially regulated metabolites were not shared between the 2
enterotypes or the 2 PCB doses (Figure 1C middle panel,
Supplementary Figure 2A and Table 7B). Specifically, the high
PCB dose-exposed GF mice had the most differentially regulated
metabolites (18), followed by the high PCB dose-exposed CV
mice (8), whereas the PCB low dose-exposed CV and GF mice
both had 3 differentially regulated metabolites.
Aminoisobutyric acid and dimethylglycine for commonly regu-
lated by PCB exposure in the livers of CV mice, as well as raffi-
nose, glucose-6 phosphate (G6P) and fructose-6 phosphate (F6P)
for in the livers of GF mice (Figure 1C middle panel,
Supplementary Figure 2A and Table 7A).

The serum metabolome, similar to the liver metabolome,
showed no commonly regulated metabolites in CV and GF mice
(Figure 1C bottom panel, Supplementary Figure 2B and Table
7C). In CV mice, the low PCB dose did not alter any serum
metabolites, whereas the high PCB dose altered 6 serum metab-
olites (levulinic acid, 6-methyl-DL-tryptophan, serine, aspara-
gine, proline, and urocanic acid). In GF mice, the low PCB dose
uniquely altered 4 serum metabolites, namely mucic acid, man-
nose, norvaline, and cytosine and the high PCB dose uniquely
altered 1 serum metabolite, 2-hydroxyphenylacetic acid.
Glucuronic acid was commonly regulated in serum of low and
high PCB dose-exposed GF mice.

PCB-mediated Functional Changes Predicted From the
Transcriptomic Response in Livers of CV and GF Groups
As shown in Figures 2A and 2B, GO enrichment was performed
to determine the transcriptional change of biological functions
using up- and downregulated genes. For both the low and high
PCB doses, up- and downregulated GO terms were more highly
enriched in livers of the CV than GF mice, indicating that the
presence of the gut microbiome facilitates PCB-mediated

effects. As shown in Figure 2A, upregulated GO terms were
mostly comprised of steroid or xenobiotic metabolism-related
pathways, and there appeared to be similarities in the predicted
changes in pathways between the low PCB dose exposure. For
both CV (Figure 2A top) and GF (Figure 2A bottom) mice, the en-
richment significance (�log10p value) followed a dose-response
pattern. For the downregulated GO terms, responses to mis-
folded protein were the top enriched terms, and this enrich-
ment disappeared in the GF group (Figure 2B), suggesting that
the gut microbiome may promote PCB-induced endoplasmic re-
ticulum (ER)-stress (Cybulsky, 2017; Gardner et al., 2013; Rashid
et al., 2015). For the GF group exposed to the low dose PCBs
(Figure 2A bottom left), temperature homeostasis was the only
significantly downregulated enriched term due to the downre-
gulation in heat shock protein encoding genes and no signifi-
cantly downregulated GO terms were found for GF mice
exposed to the PCB high dose (Figure 2A bottom right).

Effect of PCB Exposure on the Hepatic Expression of Xenobiotic-
sensing Transcription Factor Target Genes in CV and GF Mice
As shown in Figure 2C, the prototypical target genes of the ma-
jor xenobiotic-sensing transcription factors aryl hydrocarbon
receptor (AhR), constitutive androstane receptor (CAR), and
pregnane X receptor (PXR), were more readily upregulated by
PCBs in livers of the CV mice as compared with the GF mice
(Figure 2C). Specifically, the mRNA transcripts of Cyp1a1 and
Cyp1a2, which are the prototypical target genes of AhR (Flaveny
et al., 2010; Lo and Matthews, 2012), were more upregulated by
PCBs in livers of CV mice than in GF mice; this such trend was
more prominent at the high PCB dose. Similarly, the mRNAs of
the CAR prototypical target genes in the Cyp2 family (ie,
Cyp2b10, Cyp2c50) (Cui and Klaassen, 2016; Kiyosawa et al., 2008;
Maglich et al., 2003) had higher PCB-mediated fold induction in
livers of CV mice, and the induction change was also more
prominent at the high PCB dose. The mRNAs of the prototypical
target genes for PXR in the Cyp3 family (Cui and Klaassen, 2016;
Kiyosawa et al., 2008; Maglich et al., 2003), including Cyp3a16 and
Cyp3a41a, were more induced by the low PCB dose in CV mice
than in GF mice, whereas the high PCB dose did not alter these
Cyp3a gene isoforms in CV livers, but moderately upregulated
these genes in GF livers.

Taken together, our data at the mRNA level showed that the
presence of the gut microbiome is necessary for the PCB-
mediated upregulation of the prototypical target genes of major
xenobiotic-sensing transcription factors.

Differentially Abundant Bacteria From Exposure to PCBs
V4-amplified 16s rDNA sequencing was conducted to study the
gut microbiota changes in the large intestinal pellets of CV mice
in response to exposure to PCBs as we described before (Cheng
et al., 2018). Overall, as seen in Figure 3B, the PCB low dose had a
larger effect on bacteria abundance than the PCB high dose. The
low PCB dose uniquely downregulated Ruminococcaceae,
Muribaculaceae, Lachnospiraceae ASF356, and 2 taxa in
Lachnospiraceae UCG-001, whereas it uniquely upregulated
Akkermansia muciniphila, Erysipelatoclostridium, Ruminiclostridium
6, Enterohabdus, and Clostridiales bacterium CIEAF 016. The high
PCB dose uniquely downregulated Dubosiella newyorkensis,
Anaerotruncus, Acetatifactor, Turicibacter, and Muribaculaceae,
whereas it uniquely upregulated Ruminococcaceae, Clostridium sp.
Clone-44, Lachnospiraceae GCA-900066575, and Lachnospiraceae
A2. Clostridium scindens, Ruminococcaceae UCG-013, Oscillibacter,
Roseburia, Family XIII UCG-001, Clostridium sp. Culture-1 were
upregulated by both the low and the high PCB doses. There
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were no bacteria that were commonly downregulated by the
low and the high PCB dose, or regulated in opposite directions
by the 2 PCB doses.

Comparison Between CV and Conventionalized Mice
Supplementary Figure 3 shows the microbiome diversity for the
top 15 most abundant bacteria in the colon at the family level
for CV (n¼ 3) and conventionalized mice (GF mice bred in CV
conditions for 2 weeks for microbiome colonization, n¼ 2). The
top family included Clostridiaceae, Erysipelotrichaceae,
Lachnospiraceae, Lactobacillaceae, Ruminococcaceae, S24-7,
Staphylococcaceae, and an unidentified family in the
Clostridiales order.

Metabolite Changes in Response to PCBs for CV and GF Groups
Endogenous metabolites in liver (Figs. 3C and 4A, and
Supplementary Figure 2A) and serum (Figs. 3D and 4B, and
Supplementary Figure 2B) were measured and analyzed to in-
vestigate the effect of the gut microbiome on PCB-mediated
changes on essential endogenous metabolites for energy me-
tabolism. In general, the PCB-mediated differences in relative
abundances for metabolites were greater in liver than serum in
both CV and GF mice. Dysregulated liver metabolites for the CV
group exposed to PCBs were mainly from the amino acid metab-
olism pathways, including acetylcarnitine, adenylosuccinate, 3-
hydroxybutyric acid, aminoisobutyric acid, and dimethylglycine
(Figure 3C). Specifically, in livers of CV mice exposed to the PCB
high dose, arginine was downregulated by the high PCB dose in

Figure 2. Gene ontology (GO) enrichment of differentially regulated genes and gene expression of prototypical target genes of xenobiotic-sensing transcription factors.

A, Top 5 downregulated GO enrichment terms for conventional (CV) (top) and germ-free (GF) (bottom) mice. The red dotted lines represents �log10(FDR) ¼ 0.1. B, Box

plots of differentially regulated prototypical target genes of the transcription factors, aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), and

pragnane X receptor (PXR). The pound signs and asterisks represent differential expression in the conventional and GF groups, respectively.
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Figure 3. Differentially abundant bacteria and correlation with differentially abundant liver and serum metabolites in conventional mice. A, Scaled relative abundance of

bacteria for conventional mice. Differential abundance (Significant) information is provided on the colored bar (ie, blue shows differential expression for conventional mice

exposed to polychlorinated biphenyl [PCB] 6 mg/kg and gray indicates genes that are not differentially regulated). B, Spearman correlation for differentially abundant bacte-

ria (rows) and liver and serum metabolites (columns). Green-orange color scale represents the direction of correlation and sizes of circles show strength of correlation.

Differential abundant bacteria and metabolites are shown as blue and green colored bars, representing significance for mice exposed to PCB 6 and 30 mg/kg, respectively.

Pink filled box indicates significant correlation at FDR < 0.1 with absolute Spearman’s q > .8. Box plots of differentially abundant metabolites in liver (C) and serum (D) for

conventional mice exposed to PCBs. Data are shown as relative abundance. The asterisks represent differential abundance in conventional groups exposed to PCBs. E,

Differentially abundant metabolites are shown as triangles and differentially regulated genes are represented in circles. Colors indicate metabolite abundance and gene ex-

pression relative to the control (blue, lower abundance or expression; red, higher abundance or expression). Abbreviations: CV, conventional; GF, germ free.
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CV mice and acetylcarnitine was upregulated in CV PCB high,
dose-dependently. Adenylosuccinate, which is involved in nu-
cleotide metabolism, and shikimic acid, which is a metabolite
from bacteria, were upregulated by PCB exposure dose-
dependently in the CV mice and were significant in the PCB
high dose. The cofactor, NADP (upregulated by the high PCB
dose in livers of CV mice), dose-dependently increased with ex-
posure to PCBs in CV mice. The abundances of 2 liver metabo-
lites from butyric acid metabolism, namely 3-hydroxybutyric
acid (downregulated in CV PCB low) and aminoisobutyric acid
(upregulated in CV mice in either doses) were altered only in CV
mice. Dimethylglycine, a derivative of glycine, was upregulated
by PCBs only in livers of CV mice (Figure 3C).

In serum, as shown in Figure 3D, amino acid metabolism-
related serum metabolites, namely, 6-methyl-DL-tryptophan,
serine, asparagine, proline, and urocanic acid were upregulated
in CV mice exposed to the PCB high dose. Levulinic acid, a me-
tabolite from cellulose degradation, was upregulated from PCB
high dose in CV mice in serum. Asparagine was upregulated in
CV mice exposed to the PCB high dose (Supplementary Figure
2B). No metabolites were dysregulated from PCB low exposure
in the CV group.

To establish the regulatory relationships between differen-
tially expressed genes and differentially abundant metabolites
(Figs. 3C and 3D and 5A and 5B), gene-metabolite integrated

analysis on MetaboAnalyst was used as described previously
(Chong et al., 2018). Links between significantly altered hepatic
gene expression and liver metabolites by PCB exposure were
only found in CV mice exposed to the PCB high dose (Figure 3E).
The upregulation of many P450s and other phase-I xenobiotic
biotransformation enzymes (except for Cyp3a44), through the
utilization of NADPH, induced the abundance of NADP. In addi-
tion, an association between arginine abundance and the proin-
flammatory cytokine Il1b gene expression was observed (El-
Sayed et al., 2019; Fultang et al., 2019; Pulugulla et al., 2018;
Weldy et al., 2012).

In GF mice, altered hepatic metabolites were mostly from
carbohydrate metabolism or nucleotide metabolism (Figure 4A).
Uridine, adenosine, and 2-deoxycytidine were upregulated in
GF mice exposed to the PCB high dose in the liver. Uridine di-
phosphate N-acetylglucosamine (UDP-GlcNAc), a nucleotide
sugar and a coenzyme involved in cell maintenance regulation
(Love and Hanover, 2005), was upregulated in the livers of GF
group exposed to the PCB high dose. The relative abundance for
dextrose (also known as D-glucose) in the liver was lower for
both PCB doses in GF mice, but only downregulated in the GF
PCB high group. The relative abundance of the hepatic G6P and
F6P were upregulated for both PCB doses in the GF group. In ad-
dition, NAD, an essential cofactor, was significantly higher for
PCB high in the GF group. Adenosyl-L-homocysteine, dopamine,

Figure 4. Selected liver and serum metabolites differentially abundant in germ-free (GF) mice exposed to polychlorinated biphenyls (PCBs). Box plots of differentially

abundant metabolites in liver (A) and serum (B). Data are shown as relative abundance. The asterisks represent differential abundance in GF groups exposed to PCBs.

Abbreviation: CV, conventional.
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inosine, and nicotinamide were upregulated in GF mice exposed
to the PCB high dose (Figure 4A). Guanosine triphosphate, 2,3-
dihydroxybenzoic acid, 4-methylvaleric acid, and allantoin were
upregulated by GF mice exposed to the PCB high dose and raffi-
nose was downregulated by GF mice exposed to either PCB dose
(Supplementary Figure 2).

In serum, cytosine was upregulated by the low PCB dose in
GF mice (Supplementary Figure 2A). Carbohydrate metabolism-
related metabolites were upregulated only in GF mice, including
mucic acid and mannose (upregulated in GF PCB low) and glucu-
ronic acid (upregulated in GF PCB low or high) (Figure 4B and
Supplementary Figure 2B). Norvaline (isomer of valine) was
upregulated in GF mice exposed to the low PCB dose and 2-
hydroxyphenylacetic acid, a metabolite of phenylalanine, was
downregulated in GF mice exposed to the PCB high dose
(Figure 4B and Supplementary Figure 2B).

Highly Correlated Changes Between Differentially Abundant Bacteria
and Metabolites From Exposure to PCBs
Spearman’s correlation analysis was conducted to determine
the association between gut dysbiosis and differentially regu-
lated metabolites by PCB exposure in CV mice (Figure 3B and
Supplementary Table 5A and 5B). Only the highly correlated
relationships with an absolute value of q above .8 with FDR-
adjusted p value < .1 were considered a significant correlation
(indicated by the pink background in the cell).

In the liver, Family XIII UCG-001 (�0.81) and Clostridium sp.
Culture-1 (�0.83) were both negatively associated with 3-hy-
droxybutyric acid. In addition, Family XIII UCG-001 was posi-
tively correlated with aminoisobutyric acid (0.88) and
dimethylglycine (0.81). Clostridium sp. Culture-1 was negatively
associated with the hepatic 3-hydroxybutyric acid (�0.83).
Lachnospiraceae A2 was positively associated with arginine
(0.90), which was negatively associated with Clostridium sp.
Clone-44 (�0.82). Interestingly, Anaerotruncus was negatively as-
sociated with the majority (6 out of 9 in CV mice) of dysregu-
lated liver metabolites, namely acetylcarnitine (�0.80),
adenylosuccinate (�0.84), aminoisobutyric acid (�0.85), dime-
thylglycine (�0.86), NADP (�0.85), and shikimic acid (�0.82). In
addition, Turicibacter was negatively associated with shikimic
acid (�0.84).

As seen in Figure 5B and Supplementary Table 5A, in serum,
Roseburia was positively associated with serine (0.87). Roseburia
was positively correlated and Lachnospiraceae A2 was negatively
correlated with levulinic acid (0.83 and �0.80, respectively).
Clostridium sp. Clone-44 was positively associated with 6-
methyl-DL-tryptophan (0.82), and proline (0.84). Furthermore,
Clostridium sp. Clone-44 was positively associated and D. newyor-
kensis was negatively associated with serum urocanic acid (0.82
and �0.86, respectively). Anaerotruncus was negatively associ-
ated with proline (�0.82), serine (�0.86), and urocanic acid
(�0.82).

Transcriptomic Response Involved in Critical Pathways in Livers of
CV and GF Groups Following PCB Exposure
Specific examples of important hepatic pathways are presented
in Figures 5A and 5B. Dysregulated genes were grouped into cat-
egories to determine the regulation of the following pathways:
epigenetic modification factors (Epi.), inflammation and oxida-
tive stress, NRs, phase-I and -II drug metabolizing enzymes, and
transporters. In general, unique expression patterns were ob-
served comparing each enterotype (Figs. 5A and 5B). The mRNA
of Nr0b2 (also known as SHP) was downregulated by the high
PCB dose in both CV and GF mice; however, the degree of

decrease was greater for the GF group (Figure 5A). None of the
gene categories shown in Figure 3C were commonly regulated
by both enterotypes and doses, and no genes in these categories
were uniquely regulated for GF mice. Most of the genes were
dysregulated for the CV group exposed to PCBs for both doses in
the inflammation and oxidative stress, and NR category, which
included Il6ra, Mt1, Mt2, Il1b, Nr1d1, and Nr1d2 (Figure 5A).

For genes that are important in xenobiotic biotransforma-
tion (Figure 5B), similar to the gene expression pattern shown in
Figure 3C, gene induction by PCBs occurred more readily in CV
mice than in GF mice. Specifically, as shown in Figure 4D top
cluster, genes that encode transporters in liver were more regu-
lated by PCBs of CV mice than the GF mice. In the CV group ex-
posed to PCBs, manganese efflux transporter (Slc30a10) and
proton-coupled monocarboxylate transporter (Slc16a1) were
commonly downregulated in livers of CV mice by either dose of
PCBs. The membrane glycoprotein transporter involved in neu-
tral amino acid transport (Slc3a1) and sodium/bile acid cotrans-
porter (Slc10a2 [Ntcp]) were upregulated by the PCB high dose in
livers of the CV mice. Sodium-dependent phosphate transporter
(Slc17a2) and proton-coupled peptide transporter (Slc15a2) were
uniquely downregulated by PCB high dose and PCB low dose in
CV mice, respectively. ATP-binding cassette subfamily G, mem-
ber 8 (Abcg8 [sterolin]), which is important for sterol regulation
and excretion, cationic amino acid transporter 2 (Slc7a2), multi-
drug resistance-associated protein 4 (Abcc4 [Mrp4]), and lysoso-
mal catabolite transporter (Slc46a3) were upregulated in CV
mice exposed to the PCB high dose. Sodium-independent or-
ganic anion transporter Slco1a1 (Oatp1a1) was downregulated in
CV mice exposed to the PCB high dose and GF mice exposed to
PCB low dose. The lysosomal proton pump Atp6v0d2 was upre-
gulated for CV mice exposed to either PCB dose, however was
downregulated in GF mice exposed to the PCB high dose.

For genes that encode phase-I enzymes (Figure 5B middle
cluster), in general, genes in the Cyp1, 2, and 3 families are
known to be important for drug metabolism and Cyp4 families
are involved in fatty acid metabolism. Except for Cyp1a2 (proto-
typical target gene for AhR), Cyp2c29, and Cyp2b10 (prototypical
target gene for CAR), most of the genes in the Cyp1 and 2 fami-
lies were uniquely differentially regulated in the CV group, in-
cluding Cyp1a1, Cyp2c54, Cyp17a1, and Cyp2a5. Other phase-I
drug metabolizing enzymes, such as aldehyde dehydrogenase
(Aldh1a7), P450 oxidoreductase (Por), NAD(P)H dehydrogenase
[quinone] (Nqo1), carboxylesterase (Ces1b and Ces2c), and short
chain dehydrogenase/reductase (Sdr9c7) followed the same
trend as Cyp1 and 2 families, being more upregulated by PCBs in
livers of CV mice than in livers of GF mice. Cyp26b1 (involved in
retinoic acid metabolism) and Cyp4a14 were downregulated in
CV mice exposed to the PCB high dose and Cyp2j9 (involved in
arachidonic acid metabolism) was downregulated for CV mice
exposed to either PCB doses. Genes in the Cyp3 family (Cyp3a16
and Cyp3a41a) were upregulated in CV mice exposed to the low
dose PCBs and either dose for GF mice. Cyp26a1 was upregulated
for mice exposed to the PCB low dose for both enterotypes.

Interestingly, as seen in the bottom cluster on Figure 5B, for
the phase-II conjugation enzymes, genes in the glutathione-S-
transferase (Gst) category were uniquely upregulated by CV
mice, with the exception of Gstm3 (upregulated by CV mice in ei-
ther PCB dose and GF mice exposed to PCB low dose), whereas
genes in the sulfotransferase (Sult) 1 and 2 categories, except
the Sult2a1 mRNA (upregulated by either enterotype or dose)
were upregulated by GF mice. The Gstp1 mRNA was upregulated
by the PCB high dose in either enterotype. For the upregulated
phase-II enzymes that are shared between enterotypes,
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Figure 5. Relative expression of differentially regulated genes grouped by functional categories and correlation of differentially abundant bacteria and differentially

regulated genes in conventional mice. A, Scaled expression of genes in epigenetic modification (Epi.), inflammation and oxidative stress, and nuclear receptor (NR) cat-

egories for conventional and germ-free (GF) mice. Differential regulation (Significant) information is provided on the colored bar (ie, blue shows differential expression

for conventional mice exposed to polychlorinated biphenyl [PCB] 6 mg/kg and gray indicates genes that are not differentially regulated). B, Scaled expression of genes

in phase-I, -II, and transporter categories for conventional and GF mice. Differential regulation (Significant) information is provided on the colored bar (ie, blue shows

differential expression for conventional mice exposed to PCB 6 mg/kg and gray indicates genes that are not differentially regulated). Spearman correlation for differen-

tially abundant bacteria (rows) and differentially regulated genes (columns) in phase-I and -II (C), and transporters, inflammation and oxidative stress, and NR catego-

ries (D). Green-orange color scale represents the direction of correlation and sizes of circles show strength of association. Differential abundant bacteria and

metabolites are shown as blue and green colored bars, representing significance for mice exposed to PCB 6 and 30 mg/kg, respectively. Pink filled box indicates signifi-

cant correlation at FDR < 0.1 with absolute spearman’s q > .8. Abbreviation: CV, conventional.
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baseline relative expression (mice exposed to CO) and the de-
gree of induction were also different, such that the Gstm3 mRNA
was lower, whereas the Gstp1 and Sult2a1 mRNAs were higher
in CV than GF mice. In summary, the dysregulated genes show
that the PCB-mediated liver transcriptome is regulated in part
by the gut microbiome.

Correlation of Differentially Regulated Intestinal Bacteria and
Expression of Hepatic Xenobiotic-biotransformation-related Genes
Following PCB Exposure
To investigate to what extent the gut microbiome regulates xe-
nobiotic biotransformation-related functions upon responses to
PCB toxic exposure, we focused on the potential relationship be-
tween differentially regulated genes and differentially abundant
bacteria as examined using Spearman’s correlation (Figs. 5C
and 5D, and Supplementary Table 5C and 5D). In the phase-I
category (Figure 5C left panel), C. scindens was negatively associ-
ated with Cyp2b10 and Cyp2c50 (�0.85 for both genes).
Ruminiclostridium 9 was positively associated with Cyp1a2,
Cyp2c54, and Nqo1 (0.82, 0.83, and 0.85, respectively). Roseburia
was positively associated with Ces2c, Cyp1a2, Cyp2c54, Cyp2c50,
Nqo1, and Por (0.93, 0.87, 0.88, 0.82, 0.9, and 0.85, respectively).
Anaerotruncus was negatively associated with Ces2c, Cyp1a2,
Cyp2c29, Ces1b, and Cyp1a1 (�9.84, �0.86, �0.91, �0.83, and
�0.91, respectively), and positively associated with Sdr9c7 (0.91).
Lachnospiraceae A2 was negatively associated with Cyp2c54,
Cyp2c50, and Por (�0.81, �0.85, and �0.84, respectively).
Dubosiella newyorkensis was negatively associated with Cyp2c29,
Ces1b, Cyp1a1 (�0.85 for all 3 genes), but positively associated
with Cyp26b1 and Sdr9c7 (0.81 for both genes). Clostridium sp.
Clone-44 was positively associated with Ces1b, Cyp1a1, and
Cyp2c55 (0.82, 0.82, and 0.84, respectively).

In the Phase-II category (Figure 5C right panel), D. newyorken-
sis was negatively associated with Gstm2 (�0.83) and Gstm1
(�0.81). In addition, Anaerotruncus was negatively associated
with Gstm1 (�0.84).

For transporters (Figure 5D left panel), Roseburia was nega-
tively associated with Atp2b2 (�0.93) and Roseburia and
Ruminiclostridium 9 were negatively associated with Slc16a1
(�0.87 and �0.82, respectively) and Slc30a10 (0.87 for both bacte-
ria), however, Anaerotruncus was associated with both genes
(0.86 and 0.80, respectively), in addition to Atp2a2, Atp2b2,
Atp6v0d2, Slc17a2, and Slc3a1 (0.91, 0.84, �0.82, 0.89, and �0.86,
respectively). Family XIII UCG-001 was associated positively
with Atp6v0d2 (0.85), and negatively with Slc17a2, Atp2a2 (�0.88
and �0.90, respectively). Dubosiella newyorkensis was positively
associated with Slc17a2. Turicibacter was positively associated
with Atp2b2 (0.85) and Clostridium sp. Clone-44 was positively as-
sociated with Slc10a2 (0.82).

In the immune response, oxidative stress, and NRs category
(Figure 5D right panel), Roseburia and Family XIII UCG-001 were
negatively associated with Cldn1 (�0.88 and �0.85, respectively).
Ruminococcaceae and Clostridium sp. Clone-44 were positively asso-
ciation with Socs2 (0.87 and 0.84, respectively). Lachnospiraceae
UCG-001 Ambiguous was associated negatively with Cebpb (0.83)
and positively with Hmox1 (0.81). Clostridium scindens was posi-
tively associated with Icam1 (0.87) and Il1b (0.9). Oscillibacter uncul-
tured was negatively associated with Il1b (�0.95) and Clostridium
sp. Culture-1 was negatively associated with Il6ra (�0.87).

Potential Therapeutics to Target Gut Microbiome-dependent PCB-in-
duced Toxicity
To find potential therapeutics against the gut microbiome-
dependent PCB effects, we performed an inverse correlation

analysis between dysregulated genes from PCB low or high dose
exposure and drugs and small molecule response were done us-
ing the LINCS L1000 database (Figure 6). For example, upregu-
lated genes unique to CV mice exposed to the PCB low dose
compared with GF PCB low were associated with target genes
that were downregulated from drugs and other small molecule
exposure to human cell lines (inverse association). The top
drugs ranked by the combined score in the upregulated signa-
tures using downregulated genes from PCB exposure in both
doses included geldanamycin, radicicol, and NVP-AUY922,
which are antitumor compounds that potently inhibit HSP90
function to regulate cell and growth, and angiogenesis (He et al.,
2013; Jensen et al., 2008; Schulte et al., 1998) (Figs. 6A and 6C). In
addition, as seen in Figure 6A, tanespimycin, another drug that
inhibits HSP90, was observed in the top drug list for the CV PCB
low dose (Yang et al., 2009). Other top compounds for downregu-
lated gene expression signatures for CV PCB low included ABT-
737 (Bcl-2 and Bcl-XL inhibitor), celastrol (sirtuin 1 inhibitor),
PD-0325901 (MEK inhibitor), AS-601245 (JNK inhibitor), PF-
477736 (cell cycle checkpoint kinase 1 [chk1] inhibitor), lapatinib
(epidermal growth factor receptor [EGFR] inhibitor), QL-XII-47
(BTK kinase inhibitor), as well as KIN001-043, NRD-K41859756,
and NCGC00183401-01, which the mechanism of actions are not
defined (Bryant et al., 2014; Cerbone et al., 2012; de Wispelaere
et al., 2017; Huang et al., 2009; Medina and Goodin, 2008;
Parrondo et al., 2013; Venkatesha and Moudgil, 2016). Drugs tar-
geting the gut microbiome-dependent downregulated genes
from PCB high exposure included QS11 (GTPase activating pro-
tein of ADP-ribosylation factors [ARFGAPs] inhibitor), tipifarnib
(farnesyltransferase inhibitor), ZSTK-474 (IFNg and IL-17 prolif-
eration inhibitor), GSK690692 (pan-AKT inhibitor), CAY10594
(phospholipase D2 inhibitor), as well as PF-43758309, BRD-
K84203638, and BRD-K31706415 (unknown mechanisms) (Kong
and Yamori, 2010; Lee et al., 2019; Levy et al., 2009; Reid and
Beese, 2004; Zhang et al., 2007).

Downregulated drug response signatures using upregulated
genes from PCB exposure were the same for both PCB doses
(Figs. 6B and 6D). Nilotinib, a transduction inhibitor targeting
BCR-ABL oncogene, c-kit (CD117), and platelet-derived growth
factor receptor (PDGF), was among the top potential therapeu-
tics to counter-regulate upregulated genes related to actin func-
tion (ie, actin alpha2 [Acta2], Gelsolin [Gsn]), xenobiotic
biotransformation (ie, nicotinamide N-methyltransferase
[Nnmt]), immune response (ie, immunoglobulin kappa constant
[Igkc]), and lipid/steroid metabolism (ie, squalene epoxidase
[Sqle], hydromethylglutaryl-CoA synthase [Hmgcs1], methyl-
sterol monooxygenase 1 [Msmo1], 7-dehydrocholesterol reduc-
tase [Dhcr7]) from PCB low and high exposure (Blay and von
Mehren, 2011) (Figs. 6B and 6D). In addition, neratinib (human
epidermal growth factor inhibitor 2 [Her2] and EGFR inhibitor),
dasatinib (dual BCR-ABL and Src family tyrosine kinase inhibi-
tor), sorafenib (Raf kinase, PDGF, VEGFR, and c-kit inhibitor),
GW-843682X (ATP-competitive polo-like kinase 1 and 3[PLK1
and 3] inhibitor), sunitinib (multireceptor tyrosine kinase inhibi-
tor), WYE-125132, AZD-8055, torin 1, and sirolimus (ATP-com-
petitive mTOR inhibitor), RAF265 (B-raf kinase and VEGFR2
phosphorylation inhibitor), CX-5461 (p53 stabilizer), QL-XII-47
(selective BTK inhibitor), and GSK-429286A (selective Rho-
kinase inhibitor) were inversely correlated with the upregulated
gene expression signatures from PCB exposure at both doses
(Chresta et al., 2010; Dumont and Su, 1995; Huang et al., 2017;
Mena et al., 2010; Schade et al., 2008; Segovia-Mendoza et al.,
2015; Thompson et al., 2017).
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DISCUSSION

This study demonstrates that the gut microbiome is a necessary
component in mediating PCB-induced effects on the liver tran-
scriptome and metabolome of liver and serum (Figure 7). The
presence of gut microbiome drives PCB-mediated activation of
xenobiotic-sensing transcription factors AhR, CAR, and PXR,
evidenced by a more prominent increase in the expression of
their prototypical target genes, as well as a more upregulated
GO involved in xenobiotic biotransformation. In addition, the
presence of gut microbiome lead to the downregulation of the
GO terms involved in response to misfolded proteins, which
indicates the contribution of gut microbiome in PCB-mediated
ER stress. Regarding intermediary metabolism, the presence of

gut microbiome promotes the PCB-mediated upregulation of
amino acid metabolites, but suppresses the metabolites in-
volved in nucleotide metabolism. In particular, the genus
Anaerotruncus, as well as the short-chain fatty acid-producing
bacteria Roseburia and Ruminiclostridium, was highly associated
with hepatic xenobiotic biotransformation enzymes and metab-
olites of liver and serum. Taken together, our findings demon-
strate that the habitation of the gut microbiota drives PCBs-
mediated toxic responses including bioactivation of xenobiotics,
ER stress, and dysregulation of intermediary metabolism.

Figure 6. Potential therapeutics from gut microbiome-dependent polychlorinated biphenyl (PCB) exposure. Drugs and small molecule (columns) and their respective

target genes (rows) in human cell lines. Top bar plot represents the combined score using the adjusted p value and odds ratio. Top 15 inversely correlated target signa-

tures with the differentially regulated genes from PCB exposure are shown. Upregulated target genes from exposure to drugs and small molecules (downregulated

from PCB low and or high exposure) are highlighted in orange (A and B, respectively). Downregulated target genes from exposure to drugs and small compounds (upre-

gulated from PCB low or high exposure) are highlighted in blue (C and D, respectively). Abbreviation: CV, conventional.
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Gut Microbiome-mediated Transcriptomic Responses From PCB
Exposure
The gut microbiome mediates the activation of transcription
factors and their targets (Bjorkholm et al., 2009; Richards et al.,
2019), which is possibly due to the metabolite interaction with
the biochemical environment (Venkatesh et al., 2014). The PCB-
mediated upregulation of the prototypical target genes of AhR,
CAR, and PXR act partly through the gut microbiome, indicating
that the PCB may increase microbial metabolites that can fur-
ther activate these host receptors, or the gut microbiome may
convert PCBs to more potent ligands for these host receptors. In
contrast to PCBs, we have previously shown that the absence of
gut microbiota potentiated the liver to polybrominated diphenyl
ether congeners (PBDE-47 and 99)-mediated upregulation of the
prototypical target genes of these host receptors (Li et al., 2017a),
suggesting that the 2 classes of persistent environmental toxi-
cants (PCBs and PBDEs) may modify the gut-liver axis through 2
distinct mechanisms.

To note, the xenobiotic-sensing transcription factor genes
themselves were not altered in livers of GF mice. Previous stud-
ies have shown that the activity of host xenobiotic-sensing
transcription factors, such as AhR, PXR, and CAR can alter the
composition of the gut microbiome (Dempsey et al., 2019;
Hudson et al., 2017). To the best of our knowledge, the microbial
AhR and CAR receptors have not been known in the literature.
Even if these microbial receptors do exist, it is unlikely they will
contribute to the upregulation of host hepatic AhR- and CAR-
target genes, because these receptors are expected to interact
with portions of the PCB mixtures. This study provides novel
findings that the absence of the gut microbiome greatly

attenuated the expression of the prototypical targets, which
indicates that the effect of PCBs in host transcription factor acti-
vation acts partly through the gut microbiome, likely due to the
microbial biotransformation of PCBs or host-derived PCB metab-
olites into more potent ligands for theses host receptors. The
relative abundance for the most abundant bacteria for the con-
ventionalized exGF mice resemble those of the CV mice
(Supplementary Figure 3). This result indicates that recoloniza-
tion of the gut microbiome reaches a similar microbial abun-
dance level as the CV mice. In addition, previous studies have
shown that the conventionalization of GF mice have restored
xenobiotic metabolism signatures to similar levels of those of
the CV mice and conventionalization of GF mice led to the in-
duction of host xenobiotic-sensing transcription factors, indi-
cating that the gut microbiome, through bacterial metabolites,
can regulate the activation of these receptors (Claus et al., 2011;
Selwyn et al., 2016). Therefore, the attenuation effects are likely
due to the lack of gut microbiome. Although CV and GF mice
have different physiology, colonization of healthy bacteria to
PCB-exposed GF mice may result in responses similar to the CV
mice.

PCBs are well-known to activate host transcription factors,
including AhR, PXR, CAR, and PPARa (Wahlang et al., 2014),
which are known to upregulate their prototypical target genes
following a dose-response curve, and this may subsequently
lead to changes in endogenous metabolites in a dose-
dependent manner. In this study, although the hepatic tran-
scriptome and metabolome tended to have a dose-response re-
lationship from exposure to the 2 different PCB doses, the effect
of PCBs on the gut microbiome is not monotonic, possibly

Figure 7. Summary of study findings. From polychlorinated biphenyl (PCB) exposure, in livers of conventional (CV) mice, higher induction of prototypical target genes

of aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), and pragnane X receptor (PXR) were observed, compared with the germ-free (GF) mice. In

CV mice, xenobiotic biotransformation-related gene ontology (GO) terms were more enriched and ER stress-related GO terms were uniquely downregulated. Most

Gstms were upregulated in CV mice, whereas most Sults were upregulated in GF mice exposed to PCBs. In addition, CV mice exposed to PCBs had differentially regu-

lated transporters; however, less change in transporter expression was observed in GF mice. In the liver and serum, amino acid metabolism-related metabolites were

preferably upregulated in CV mice. Conversely, nucleotide and carbohydrate metabolism-related metabolites were upregulated in GF mice. Short-chain fatty acid-pro-

ducing bacteria, such as Roseburia (PCB both doses) and Ruminiclostridium (PCB low dose) were upregulated and Anaerotruncus was downregulated in the PCB high

dose following PCB exposure and were correlated with metabolites, such as aminoisobutyric acid, dimethylglycine, and arginine, and genes important in xenobiotic

biotransformation, such as Cyp1a1, Cyp1a2, and Atp2a2, showing the possible role of these bacteria in mediating PCB-induced toxicity. Therapeutics that target critical

pathways, such as mTOR and Bcl-2, have the potential to resolve signatures from PCB exposure.
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involving different regulatory mechanisms. It has been shown
that the PCB low dose tended to lower the richness of the gut
microbiota to a greater extent than the PCB high dose (Cheng
et al., 2018). It is possible that the PCB high dose may overwhelm
the system and involve less specific regulatory pathways.

The gut microbiome appears to have fundamental roles in
PCB-mediated upregulation of P450 activities, because the 2
genes that encode essential enzymes that sustain P450 reac-
tions, namely Cyb5b (regulates P450 activity through P450-
dependent monooxygenase system) and Por (transfers electrons
from NADPH to P450s) were upregulated by PCBs in a gut
microbiome-dependent manner; thus, PCB-exposed GF mice
may have less efficiency and decreased hepatic P450 activity
than PCB-exposed CV mice. In addition, the gut microbiome-
dependent upregulation of Gsts may be due to Epi. from the gut
microbial metabolites, such as butyrate, succinate, and acetate
(Fellows et al., 2018; Hullar and Fu, 2014; Xu et al., 2018). The lack
of Gst upregulation in PCB-exposed GF mice may send a stress
signal to upregulate other phase-II detoxification pathways
such as sulfonation, evidenced by a PCB-mediated upregulation
of multiple Sults only in livers of GF mice.

Differences in PCB-induced Metabolism Changes Between
CV and GF Mice
ER stress has been shown to be one of the key mechanisms of
PCB-mediated hepatotoxicity (Ruan et al., 2020; Xu et al., 2015),
but little is known to what extent gut microbiome contributes to
this mechanism. This study is the first to show that the pres-
ence of the gut microbiome is linked to the PCB-mediated
downregulation of pathways related to response to misfolded
proteins, which is a hallmark for ER stress. Oxidative damage
and impaired amino acid metabolism are known to cause ER
stress, which involves Ca2þ signaling (Bahar et al., 2016; Chong
et al., 2017; Harding et al., 2003). Altered amino acid metabolites
were found primarily in the livers of PCB-exposed CV mice, in-
cluding acetylcarnitine, adenylosuccinate, 3-hydroxybutyric
acid, aminoisobutyric acid, and dimethylglycine (Figure 3C).
Furthermore, numerous liver genes related to oxidative stress
were upregulated in CV mice exposed to PCBs, such as Arntl,
Atp2a2, Jun, Mt1, Mt2, and Cebpb (Han et al., 2008; Kujiraoka et al.,
2013; Moloney and Cotter, 2018; Wilking et al., 2013). These
results suggest that oxidative damage and altered amino acid
metabolism from PCB exposure possibly drive hepatic ER stress
as suggested by downregulation GO terms in CV mice
(Figure 2B), downregulation of heat shock proteins, as well as
Ca2þ transporters involved in intrinsic apoptotic signaling path-
ways in response to ER stress (Concilli et al., 2016; Xu et al., 2018;
Yang et al., 2015) (Figs. 2B and 5B, and Supplementary Table 1A
and 1B).

Regarding the microbial signatures, the PCB low dose upre-
gulated Ruminiclostridium 6 and Family XIII UCG-013, and both of
them were positively associated with dimethylglycine and ami-
noisobutyric acid (Figure 3B). The abundance of the genus
Ruminiclostridium is increased by immune response and oxida-
tive damage, which PCB is known to produce inflammation and
oxidative stress (Petriello et al., 2018; Phillips et al., 2018; Sarkar
et al., 2019). The Family XIII UCG-013 was negatively correlated
with Atp2a2 (sarco/ER Ca2þ-ATPase [SERCA2]). Atp2a2 has been
shown to be downregulated in oxidative damage and ER stress
(Kujiraoka et al., 2013). Dimethylglycine is generated from ho-
mocysteine metabolism, which is related to protein degradation
and ER stress. Therefore, the upregulation of Ruminiclostridium 6
and dimethylglycine may reflect PCB-mediated oxidative dam-
age, ER stress, and inflammation. Aminoisobutyric acid is one

of the end products of pyrimidine metabolism (van Kuilenburg
et al., 2006). Multiple species of Ruminiclostridium, such as
Ruminiclostridium cellulolyticum, have enzymes that contribute to
generating aminoisobutyric acid, such as pyrimidine-
nucleoside phosphorylase (DumitracHe et al., 2017).
Aminoisobutyric acid concentration has been suggested to be
protective against metabolic disorder (Roberts et al., 2014). In
turn, the upregulated oxidative stress elements may have upre-
gulated aminoisobutyric acid, as a compensatory response, to
alleviate the PCB responses in liver. In summary, the oxidative
damage and immune response pathways as regulated by the
PCB low dose, associated with upregulated Ruminiclostridium 6
and Family XIII UCG-013, may have contribute to the gut
microbiome-dependent ER stress, and modulating amino acid
metabolites may have a therapeutic value in alleviating adverse
health effects from PCB exposures.

The absence of gut microbiome potentiated PCB-mediated
dysregulation of metabolites involved in carbohydrate metabo-
lism and nucleotide metabolism (Figure 4 and Supplementary
Figure 2). Specifically, hepatic G6P and F6P were upregulated in
GF mice exposed to both PCB doses, whereas D-glucose was
downregulated. This may indicate that the glucose utilization in
the liver is impaired in GF mice exposed to PCBs. It is known
that the lack of gut microbiome impairs liver regeneration (Liu
et al., 2015; Wu et al., 2015), suggesting the importance of gut
microbiome in providing the energy to the host liver.

Clostridium sp. Clone-44 was positively associated with genes
involved in inflammation and oxidative stress (Ces1b, Cyp1a1,
Cyp2c55, Slc10a2, and Socs2), but was negatively associated with
arginine levels (Figs. 3 and 5). Arginine can reduce inflammatory
response and oxidative stress by inhibiting cytokine secretion
and inducing glutathione synthesis (Hnia et al., 2008; Liang et al.,
2018; Wu et al., 2016). Multiple species in the Clostridium genus
have been shown to metabolize arginine (Mitruka and Costilow,
1967; Neumann-Schaal et al., 2019). The gut microbiome-
dependent decrease in arginine may be due to increased abun-
dance of Clostridium sp. Clone-44, which may explain the upre-
gulated pathways involved in inflammation and oxidative
stress. Arachidonic acid is suggested to interact with arginine
by sharing the nitric oxide pathway. Milner and Perkins (1978)
showed that rats deficient in arginine had increased levels of ar-
achidonic acid. In CV mice exposed to the high dose PCB, more
arachidonic acid metabolizing P450s were upregulated, such as
Cyp1a1 and Cyp2c55, which metabolizes arachidonic acid to
eicosanoids, suggesting a rapid inflammation-mediating transi-
tion, compared with the GF state.

Anaerotruncus, a butyrate producer, is a normal gut inhabi-
tant in mice with enhanced growth in the presence of mucin
(Wang et al., 2019; Wlodarska et al., 2017). Following PCB expo-
sure, Anaerotruncus was negatively associated with amino acid
metabolites, such as acetylcarnitine, adenylosuccinate, aminoi-
sobutyric acid, and dimethylglycine in liver, as well as proline,
serine, and urocanic acid in serum (Figs. 5A and 5B).
Anaerotruncus was also negatively associated with expression of
Ces2c, Cyp1a2, Cyp2c29, Ces1b, Cyp1a1, and positively associated
with Atp1a2, Atp2b2, Slc16a1, Slc30a10, and Slc17a2 (Figs. 6C and
6D). It has been reported that Anaerotruncus has the capabilities
to metabolize fatty acids and its abundance was negatively cor-
related with xenobiotic exposure, such as dipeptidyl peptidase 4
inhibitors, which reduces blood glucose levels (Olivares et al.,
2018; Visconti et al., 2019; Yan et al., 2016; Zhang et al., 2017).
Anaerotruncus has been linked to glucose intolerance, gut per-
meability, muscle lipid content, and type 2 diabetes in humans,
cats, and rats, which suggests that Anaerotruncus may have a
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protective role in oxidative damage, and the decrease in the
abundance of Anaerotruncus may have contributed to PCB-
induced toxicities (Everard et al., 2011; Kieler et al., 2019; Li et al.,
2017b).

Potential Therapeutics to Limit Impact of Exposure to PCBs via Gut
Microbiome-dependent Signatures
Results from the inverse relationships between transcriptomic
signatures from the LINCS L1000 database and the gut
microbiome-dependent gene expression signatures following
PCB exposure highlighted the potential remedy to mitigate gut
microbiome-potentiated PCB toxicity. The majority of the drugs
and other small compounds that were identified to have oppo-
site gene expression signatures as compared with PCB-exposed
conditions are anticancer drugs. These results may indicate
that the gut microbiome is contributes to the tumorigenesis
mechanism of PCBs. Geldanamycin, which inhibits the function
of HSP90 and regulates cell cycle, growth, and apoptosis, was
the top inversely correlated drug that upregulates the genes
that make up the downregulated signatures, such as Hyou1 and
Hspa5, from PCB exposure. In addition, other top drugs and
small molecules that could restore expression of downregulated
genes included ABT-737, celastrol, and KIN001-043, which may
reverse the ER damage and oxidative stress signatures, such as
Hyou1, Hspa5, Hspa13, and Atp2b2, which are potentially due to
and closely related to changes in altered bacteria, such as
Ruminiclostridium, Roseburia, and Anaerotruncus (Figs. 3B, 5C, and
5D and 6A and 6C). Similarly, the top inversely correlated drug
that could inhibit the gut microbiome-dependent upregulated
genes from PCB exposure was shown to be nilotinib, which may
normalize the levels of upregulated lipid and sterol metabolism-
and actin function-related genes (Figs. 6B and 6D). Interestingly,
compounds inhibiting the mTOR pathway (ie, WYE-125132,
AZD-8055, torin 1, and sirolimus) were repeatedly observed
(Figs. 6B and 6D). It has been shown that PCB-95 activated
mTOR in primary rat hippocampal neurons and developing
zebrafish (Frank et al., 2017; Keil et al., 2018). Activation of mTOR
pathway in the liver has been linked to liver tumor, NASH, and
liver damage from autophagy in both mouse models and
humans (Okuno et al., 2018; Saxton and Sabatini, 2017). PCB-
mediated inhibition of mTOR signaling pathway may reduce
the risk of liver cancer and metabolic disease development.

This study includes limitations, such as the not having infor-
mation on all of the dysregulated bacteria at the species level
and metabolites in specific pathways, and a small sample size
for the transcriptomic responses and 16s bacteria changes.
Species and strain levels of dysregulated bacteria through
deeper sequencing methods, such as from using shotgun meta-
genomics, and anaerobic culturing-coupled sequencing may
give more mechanistic evidence of how bacteria regulate and
respond with the gut and liver during PCB exposure. However,
with the given breadth of data, we showed that the higher in-
duction of xenobiotic biotransformation, immune response and
oxidative stress-related mRNA signatures, and ER stress-
mediated damage is unique to mice with a normal gut micro-
biome. Future investigations should focus on the specific meta-
bolic capacities of the dysregulated microbiome to study the
mechanisms of biochemical perturbation from PCB exposure.
Furthermore, despite the limitations, our study identifies the
gut microbiome as a key player in biochemical regulation. To
delineate whether the transcription factor signaling pathway is
modified by the presence of the gut microbiome, an in vitro ex-
periment using primary hepatocytes from CV and GF mice can
be planned. However, the in vitro hepatocytes loses many in vivo

features within hours after plating, including downregulation of
many transporters as well as drug-metabolizing enzymes; in
addition, the in vitro system lacks the gut-liver axis and is not
exposed to gut-derived microbial metabolites. The gut-liver axis
is the key focus of this study and can only be assessed in vivo.
When cells are isolated from an organism, the resulting
responses are likely not directly comparable from the introduc-
tion of an artificial environment to cells, which may not func-
tion as equivalent. Furthermore, using isolated cells exposed to
PCBs would drastically alter the mode of exposure, which the
exposed cells would lack intestinal biotransformation path-
ways. In order for this approach to be comparable with in vivo

results, a cell battery consisting of multiple bio-compartments,
including enterocytes colonized with key microbiota and liver,
should be used.

For people with severe dysbiotic states (eg, from antibiotics
treatment), our study adds knowledge of potential differences
in physiological responses from ubiquitous environmental con-
taminants, such as PCBs and potential considerations for fur-
ther investigations regarding therapeutics.
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