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ABSTRACT

The gut microbiome regulates important host metabolic pathways including xenobiotic metabolism and intermediary
metabolism, such as the conversion of primary bile acids (BAs) into secondary BAs. The nuclear receptors pregnane X
receptor (PXR) and constitutive androstane receptor (CAR) are well-known regulators for xenobiotic biotransformation in
liver. However, little is known regarding the potential effects of PXR and CAR on the composition and function of the gut
microbiome. To test our hypothesis that activation of PXR and CAR regulates gut microbiota and secondary BA synthesis,
9-week-old male conventional and germ-free mice were orally gavaged with corn oil, PXR agonist PCN (75 mg/kg), or CAR
agonist TCPOBOP (3 mg/kg) once daily for 4 days. PCN and TCPOBOP decreased two taxa in the Bifidobacterium genus, which
corresponded with decreased gene abundance of the BA-deconjugating enzyme bile salt hydrolase. In liver and small
intestinal content of germ-free mice, there was a TCPOBOP-mediated increase in total, primary, and conjugated BAs
corresponding with increased Cyp7a1 mRNA. Bifidobacterium, Dorea, Peptociccaceae, Anaeroplasma, and Ruminococcus positively
correlated with T-UDCA in LIC, but negatively correlated with T-CDCA in serum. In conclusion, PXR and CAR activation
downregulates BA-metabolizing bacteria in the intestine and modulates BA homeostasis in a gut microbiota-dependent
manner.

Key words: bile acid metabolism; CAR; gut-liver axis; gut microbiome; intestine; liver; liver metabolism; nuclear receptors;
PXR; 16S rDNA sequencing.

Liver is a critical organ for xenobiotic biotransformation and nu-
trient homeostasis. The nuclear receptors pregnane X receptor
(PXR) and constitutive androstane receptor (CAR) are well-
known xenobiotic-sensing transcription factors with overlap-
ping target genes involved in the Phase-I and Phase-II
xenobiotic metabolism as well as transport (collectively called

drug-processing genes [DPGs]) (Cui and Klaassen, 2016;
Hernandez et al., 2009; Kliewer et al., 1998; Moore et al., 2003;
Petrick and Klaassen, 2007; Wei et al., 2000).

PXR was first identified as a steroid-activating receptor be-
fore its function in xenobiotic metabolism was discovered
(Kliewer et al., 1998, 2002). PXR is a promiscuous transcription
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factor that is activated by various xenobiotics, including thera-
peutic drugs such as dexamethasone, paclitaxel, and rifampicin
(Moore et al., 2003), environmental toxicants such as the flame
retardant polybrominated diphenyl ethers (PBDEs) (Pacyniak
et al., 2007), some pesticides (Lemaire et al., 2006), and herbal
supplements such as St. John’s Wort (Moore et al., 2000). PXR is
also activated by metabolites produced by the gut microbiome,
such as the secondary bile acid (BA), lithocholic acid (LCA), and
the tryptophan metabolite indole-3-propionic acid (Staudinger
et al., 2001; Venkatesh et al., 2014). Pregnenolone-16a-carboni-
trile (PCN) is recognized as a specific PXR ligand in rodents,
whereas rifampicin is specific to human PXR activation (Moore
et al., 2003).

CAR was identified as a mediator of drug metabolism specifi-
cally for altering the sensitivity to barbiturates (Tzameli et al.,
2000; Wei et al., 2000). Repressive endogenous ligands for consti-
tutive activity of CAR include androstenol and androstanol
(Forman et al., 1998), whereas endogenous activators of CAR are
not well characterized. Phenobarbital and LCA can indirectly fa-
cilitate the nuclear localization of CAR and upregulation of CAR-
target genes (Beilke, Aleksunes, Holland, et al., 2009; Beilke,
Aleksunes, Olson, et al., 2009; Swales and Negishi, 2004). A
potent and selective CAR activator in mice is 1,4-bis-[2-(3,5-
dichloropyridyloxy)]benzene, 3,30,5,50-tetrachloro-1,4 bis(pyridy-
loxy)benzene (TCPOBOP) (Tzameli et al., 2000), whereas
6-(4-chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-
(3,4-dichlorobenzyl)oxime (CITCO) is a selective CAR activator in
humans (Swales and Negishi, 2004). The flame retardant BDE-47 is
an activator of both mouse and human CAR (Sueyoshi et al., 2014).

The gut microbiome is increasingly recognized as a key mod-
ifier of host xenobiotic biotransformation through direct and in-
direct mechanisms (Koppel et al., 2017; Spanogiannopoulos
et al., 2016). For direct mechanisms, intestinal bacteria use their
own enzymes that are distinct from the host to metabolize
ingested compounds, such as dietary components, pharmaceut-
icals, and environmental chemicals (Koppel et al., 2017;
Spanogiannopoulos et al., 2016). These microbial modifications,
many of which remain poorly characterized, can either increase
or decrease the toxicity or efficacy of drugs. The
PharmacoMicrobiomics database has identified over 90 drugs in
the literature that are modified by the gut microbiome, but only
28 have identifiable interactions with a specific bacterial spe-
cies. For example, the first drug-bug interaction was reported by
Dr Lindenbaum and Dr Saha for the inactivation of digoxin by
Eggerthella lenta (Lindenbaum et al., 1981; Saha et al., 1983).
Characterization of these microbial enzymes has led to better
understanding of the pharmacokinetics of digoxin as well as
improved efficacy and safety (Haiser et al., 2013, 2014; Koppel
et al., 2018). Furthermore, microbial b-glucoronidases deconju-
gate host Phase-II glucuronidation metabolites and modulate
the potential toxicity of circulating endogenous and xenobiotic
compounds (Little et al., 2018; Pollet et al., 2017; Wallace et al.,
2015).

For indirect mechanisms, the gut microbiome can modify
host metabolites that are subsequently absorbed into systemic
circulation and enter various host organs to interact with host
receptors involved in xenobiotic biotransformation (Fu and Cui,
2017; Spanogiannopoulos et al., 2016). The presence of the gut
microbiome is necessary in regulating the constitutive expres-
sion of many drug processing genes (DPGs), evidenced from al-
tered expression of DPGs in mice lacking a gut microbiome (ie,
germ-free [GF] mice) (Bjorkholm et al., 2009; Selwyn, Cheng,
et al., 2015; Selwyn, Cui, et al., 2015; Toda, Saito, et al., 2009). For
example, the expression of the major Phase-I oxidation enzyme

cytochrome P450, family 3, subfamily a, polypeptide 11
(Cyp3a11)—a PXR-target gene and the mouse ortholog to human
CYP3A4—was decreased in GF mice compared with conven-
tional (CV) mice. This effect was also observed in CV mice
treated with antibiotics and was correlated with decreased bac-
teria in the feces that produce the PXR-activating BA LCA (Toda
et al., 2009a,b). Therefore, modulation of the gut microbiome
and the bacterial metabolites can alter xenobiotic biotransfor-
mation of the host.

BAs are amphipathic molecules synthesized in liver de novo
from cholesterol to primary BAs through two distinct path-
ways: (1) the classic pathway with the overall rate-limiting BA
synthesis enzyme Cyp7a1 and (2) the alternative pathway initi-
ated by Cyp27a1. Primary BAs are conjugated with taurine,
glycine, or other cosubstrates and undergo enterohepatic circu-
lation by secretion into the bile and reabsorption from the in-
testine, facilitating the uptake of dietary fats, steroids, drugs,
and lipophilic vitamins (Hofmann, 2009; Li and Chiang, 2014).
In the intestine, bacteria further metabolize primary BAs to
secondary BAs through deconjugation, oxidation, and epimeri-
zation reactions; this, in general, increases the hydrophobicity
of the BA pool (Hofmann, 2009; Li and Chiang, 2014; Ridlon
et al., 2006). Primary and secondary BAs also include their con-
jugate forms. In humans, the majority of BAs are conjugated
with taurine, glycine, or 30-phosphoadenosine-50-phosphosul-
fate, whereas in mice, the majority of BAs are conjugated with
taurine (Thakare et al., 2018). Primary BAs all have a 7-hydroxy
substituent (from Cyp7a1), and in humans, the majority of pri-
mary BAs are chenodeoxycholic acid (CDCA) and cholic acid
(CA). Cholic acid (CA) is metabolized by intestinal bacteria to
the secondary BA deoxycholic acid (DCA). CDCA is metabolized
to alpha-muricholic acid (aMCA), bMCA, and ursodeoxycholic
acid (UDCA) (Hofmann, 2009). UDCA has been found increased
in both genders of GF compared with CV mice, suggesting that
a host mechanism exists to produce UDCA (Selwyn, Csanaky,
et al., 2015; Wahlstrom et al., 2017; Zhang and Klaassen, 2010).
There is no known host enzyme for the synthesis of UDCA in
mice and humans. Secondary BAs produced from the alterna-
tive pathway of BA synthesis include xMCA, LCA, hyocholic
acid (HCA), and hyodeoxycholic (HDCA). These BA biotransfor-
mation pathways create diverse sets of BAs with different
physiological functions and nuclear receptor affinities (Li and
Chiang, 2013).

Several studies have shown the importance of PXR and CAR
in BA homeostasis. Pharmacological activation of PXR by PCN
represses hepatic Cyp7a1 mRNA and activity in mice (Li and
Chiang, 2013, 2014), and endogenous activation of PXR by the
secondary BA LCA protects the liver against toxicity (Staudinger
et al., 2001). In intestine/enterocytes, PXR activation induces fi-
broblast growth factor 19 (FGF19; Fgf15 in mice), an intestinally
secreted hormone that inhibits BA synthesis by repressing the
transcription of Cyp7a1 in liver, and the promoter of FGF19 con-
tains a PXR response element (Li and Chiang, 2013; Wistuba
et al., 2007). Activation of CAR has also been shown to repress
the expression of CYP7A1 in human hepatocytes (Miao et al.,
2006); yet, BAs are not known to serve as ligands of CAR (Li and
Chiang, 2013). In a study investigating BA profiles in CV mice
following CAR activation, TCPOBOP decreased total BAs in both
males and females, largely due to a decrease in the primary BA
taurocholic acid (T-CA), and this was associated with an in-
crease in the mRNA expression of Cyp7a1 in liver to restore liver
BAs to physiological concentrations (Lickteig et al., 2016). The BA
ligase solute carrier family 27 member 5 (Slc27a5/Bal), which
regulates BA conjugation, was decreased following TCPOBOP
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exposure (Cui and Klaassen, 2016), possibly contributes to the
improved metabolic health following CAR activation (Dong
et al., 2009; Gao et al., 2009).

Transporters are important to the distribution of bile acids
throughout the enterohepatic organs. The basolacteral uptake
transporter sodium taurocholic transporting polypeptide (Ntcp/
Slc10a1) is responsible for the update of the majority of conju-
gated BAs from the portal blood into hepatocytes, whereas the
organic anion transporting polypeptide (Oatp) 1b2 was thought
to transport unconjugated BAs into hepatocytes (Csanaky et al.,
2011; Klaassen and Aleksunes, 2010). The canalicular bile salt ef-
flux pump (Bsep/Abcb11) is the rate-limiting transporter for BA
biliary excretion, whereas on the basolacteral membrane, the
solute carriers Slc51a/Osta and Slc51b/Ostb, as well as efflux
transporter multidrug resistance-associated protein ATP bind-
ing cassette subfamily C member 3 (Abcc3/Mrp3) and Abcc4/
Mrp4, transport BAs into blood as a compensatory mechanism
during cholestasis (Halilbasic et al., 2013). Transporters regu-
lated by PXR and CAR play an important role in the disposition
of BAs between different compartments, such as liver, blood,
and intestinal lumen. For example, early studies showed that
biliary excretion of ouabain was increased by pretreatment with
PCN, demonstrating that the biliary clearance could be medi-
ated by pharmacological activation of PXR (Russell and
Klaassen, 1972; Thompson and Klaassen, 1995). PXR activators
are known to increase the expression of Abcc3/Mrp3 (Cui and
Klaassen, 2016; Zelcer et al., 2003); Mrp3 plays a prominent role
in protecting the liver from BA overload by lowering the BA con-
centration in the liver and preventing apoptosis or necrosis
(Dawson et al., 2009; Hirohashi et al., 2000; Teng and Piquette-
Miller, 2007). TCPOBOP activation of CAR in mice increased
Abcc2/Mrp2, Abcc3/Mrp3, and Abcc4/Mrp4. Similar to Mrp3,
Mrp4 is a basolateral efflux transporter of BAs, reduced glutathi-
one, and protects the liver from BA-induced injuries during cho-
lestasis (Dawson et al., 2009; Rius et al., 2006). Mrp2 is a
canalicular efflux transporter that contributes to the bile flow of
sulfated and tetra-hydroxylated BAs (Akita et al., 2001; Nies and
Keppler, 2007). Regarding uptake transporters, the promoter of
Oatp1a4 has a PXR binding site but was not found to be impor-
tant in BA uptake, but did modulate secondary BA metabolism
in male mice (Cui et al., 2010; Zhang et al., 2013).

It is known that activation of PXR and CAR can modulate BA
homeostasis through the regulation of host BA synthesis
enzymes and transporters. However, little is known regarding
whether activation of the host nuclear receptors modulates the
gut microbiome and the subsequent microbial functions, in-
cluding BA metabolism. Because primary BAs are metabolized
by the gut microbiome into secondary BAs, the host regulation
of primary BA synthesis is poorly understood. In addition, little
is known regarding the characterization of BA profiles following
PXR activation, and there is no comparison of the roles for PXR
versus CAR activation on BA homeostasis. Because GF mice
have no intestinal bacteria, they do not have secondary BAs,
allowing for the investigation of specific regulation of primary
BAs by pharmacological interventions. Therefore, the goal of
this study was to determine the effect of PXR and CAR activa-
tion on gut microbiome composition and the extent that the gut
microbiome modulates primary and secondary BA homeostasis.

MATEREIALS AND METHODS

Chemicals. The mouse CAR ligand TCPOBOP (PubChem CID:
5382) and the mouse PXR ligand PCN (PubChem CID: 15032)
were purchased from Sigma-Aldrich (St Louis, Missouri). For BA

analysis, acetonitrile (PubChem CID: 6342), methanol (PubChem
CID: 887), ammonium acetate (PubChem CID: 12432), and acetic
acid (PubChem CID: 176; all LC-MS grade) were purchased from
Fisher Scientific (Pittsburgh, Pennsylvania). The 56 BA standard
compounds (Supplementary Table 1) were purchased from
Sigma-Aldrich and Steraloids, Inc (Newport, Rhode Island).
Stable isotope-labeled internal standards (IS), cholic acid-
2,2,4,4-D4 (CA-D4) (PubChem CID of CA: 221493), lithocholic
acid-2,2,4,4-D4 (LCA-D4) (PubChem CID of LCA: 9903), deoxy-
cholic acid-2,2,4,4-D4 (DCA-D4) (PubChem CID of DCA: 222528),
glycocholic acid-2,2,4,4-D4 (G-CA-D4) (PubChem CID of GCA:
10140), and glycochenodeoxycholic acid-2,2,4,4-D4 (G-CDCA-D4)
(PubChem CID of GCDCA: 12544), were purchased from
Cambridge Isotope Laboratories, Inc (Tewksbury,
Massachusetts). The purities of nonlabeled standards were
above 95%–99%, and the purities of the five isotope-labeled
compounds were above 98%.

Animals. C57BL/6J CV mice were purchased from the Jackson
Laboratory (Bar Harbor, Maine). Age-matched male GF mice in
C57BL/6 background were provided by the University of
Washington Gnotobiotic Animal Core Facility (the initial GF
breeding colony was established with mice purchased from the
National Gnotobiotic Rodent Resource Center [University of
North Carolina, Chapel Hill]). All mice were housed according to
the Association for Assessment and Accreditation of Laboratory
Animal Care International guidelines, and studies were ap-
proved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Washington. The CV mice were ex-
posed to the same diet (laboratory autoclaved rodent diet No.
5010), water (nonacidified autoclaved water), and bedding (auto-
claved Enrich-N’Pure) as the GF mice for 4 weeks prior to chemi-
cal exposure. All chemical solutions were sterilized using a
Steriflip Vacuum-Driven Filtration System with a 0.22 lm
Millipore Express Plus Membrane (EMD Millipore, Temecula,
California). All gavage needles and syringes were sterilized by
autoclave. At 9 weeks of age, CV (n ¼ 5 per group) and GF mice (n
¼ 4–5 per group) were orally gavaged with vehicle (corn oil, 10
ml/kg), PCN (75 mg/kg), or TCPOBOP (3 mg/kg) once daily for 4
days. Doses for activating PXR and CAR with PCN and TCPOBOP,
respectively, were selected based on previous studies (Cui and
Klaassen, 2016; Li et al., 2016). On the 5th day, livers were col-
lected and immediately frozen in liquid nitrogen. Blood was col-
lected via cardiac puncture, and serum was obtained after
centrifugation at 4�C in a MiniCollect blood collection tube
(Greiner Bio-One, Monroe, North Carolina). The small and large
intestinal contents (SIC and LIC) were flushed using ice-cold PBS
containing 10 mM dithiothreitol, and centrifuged at 20 000 � g
for 1 h at 4�C to collect pellets. The ileum tissue was also col-
lected and immediately frozen in liquid nitrogen. All samples
were stored at �80�C until further analysis.

Bacterial 16S rDNA sequencing. Bacterial DNA was isolated from
LIC pellet of CV mice using an OMEGA E.Z.N.A. Stool DNA Kit
(OMEGA Biotech, Inc, Norcross, Georgia) per the manufacturer’s
protocol. The concentration of DNA was determined using a
Qubit fluorometer (Thermo Fisher Scientific, Waltham,
Massachusetts). Bacterial 16S rDNA V4 amplicon sequencing
was performed using an Illumina HiSeq 2500 sequencing sys-
tem (250 bp paired-end; n ¼ 3 per group; Beijing Genome
Institute Americans Corporation, Cambridge, Massachusetts).

Demultiplexed and quality-filtered FASTQ files were analyzed
using various python scripts in QIIME (Caporaso et al., 2010).
Briefly, paired-end reads of the same sample were joined using
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join_paired_ends.py. Joined FASTQ files of all samples were each
labeled with a unique identifier and then merged into one FASTA
file using split_libraries_fastq.py for downstream analysis.
Chimera sequences generated from PCR amplification artifacts
were removed using identify_chimeric_seqs.py, and reference-
based chimera detection was performed using usearch61 against
the Greengenes 13_8 operational taxonomic units (OTUs) data-
base (99_otus.fasta) (http://qiime.org/home_static/dataFiles.
html). OTUs were first picked using pick_open_reference_otus.py
against the reference database followed by de novo OTU-picking
of unaligned sequences, and both forward and reverse strands
were considered. OTU tables were then sorted, format-converted,
and taxonomy-summarized from level 2 (L2, phylum level) to L7
(species level) using various python scripts in QIIME. The a- and
b-diversities were determined using alpha_rarefaction.py and jack-
knifed_beta_diversity.py, respectively. Predictive functional profil-
ing of 16S rDNA data at the class level (L3) was performed using
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) (Langille et al., 2013) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathways.

qPCR validation of microbial BA-metabolizing enzymes. The DNA
encoding selected microbial enzymes—the BA inducible oper-
ons (bai) CD and baiJ—that are known to convert primary BAs to
secondary BAs as well as the BA-deconjugation enzyme bile salt
hydrolase (bsh) were validated by quantitative polymerase
chain reaction (qPCR) using a BioRad CFX384 Real-Time PCR
Detection System (Bio-Rad, Hercules, California). For each qPCR
reaction, 30 ng of DNA reaction was loaded, and data were nor-
malized to universal bacterial 16S rDNA. The bacterial DNA
qPCR primers are shown in Supplementary Table 2.

Bile acid extraction. Bile acids from liver, serum, as well as SIC
and LIC pellets were extracted using a similar method as previ-
ously described in Zhang and Klaassen (2010) with modifica-
tions. Briefly, for liver and intestinal content pellets, 5 ll of ice-
cold analytical grade H2O were added per mg of sample, homog-
enized in a glass Dounce homogenizer until uniform, and 250
ll of homogenate was removed and mixed with 10 ll of the fol-
lowing 5 ISs: CA-d4, DCA-d4, GCA-d4, G-CDCA-d4, and LCA-d4.
Samples were then precipitated in acetonitrile with 5% NH4OH
and centrifuged to obtain pellets. Pellets were resuspended in
methanol, centrifuged, and the supernatant was removed and
dried under vacuum. For serum, 50 ll of serum was mixed with
10 ll of IS, precipitated with ice-cold methanol, centrifuged, and
the supernatant was dried under vacuum. The precipitates
were reconstituted in 100 ll 50% methanol water solution prior
to LC-MS.

LC-MS quantification of BAs. LC-MS analysis was performed on a
Waters Acquity I-Class UPLC TQS-micro MS (Waters, Milford,
Massachusetts) system. Five microliters of each sample were
injected for analysis using negative ionization mode.
Chromatographic separation was performed on a Waters
XSelect HSS T3 column (2.5 mm, 2.1 mm � 150 mm). The flow
rate was 0.3 ml/min, auto-sampler temperature was kept at 4�C,
and the column compartment was set at 40�C. The mobile
phase was composed of Solvents A (5 mM ammonium acetate
in H2O with 0.1% acetic acid) and B (acetonitrile with 0.1% acetic
acid). After the initial 1 min isocratic elution of 75% A, the per-
centage of Solvent A progressively decreased to 5% at t ¼ 15
min. The composition of Solvent A was maintained at 5% for
10 min (t ¼ 25 min), and then the percentage of A returned to
75% at t ¼ 25 for 10 min to prepare for the next injection. The

total experimental time for each injection was 40 min. The
mass spectrometer was equipped with an electrospray ioniza-
tion (ESI) source. Targeted data acquisition was performed in
multiple-reaction-monitoring (MRM) mode. A total of 56 BAs
(Supplementary Table 1) and 5 IS MRM transitions were moni-
tored in the negative mode; tauro-a muricholic acid (T-aMCA)
and T-bMCA could not be separated by chromatography and
were analyzed together as T-a/bMCA. The metabolite identities
were confirmed by spiking mixtures of standard compounds.
The extracted MRM peaks were integrated using the TargetLynx
software (Waters).

RNA isolation and RT-qPCR of host BA-processing genes. Total RNA
was isolated from liver and ileum tissue using RNAzol Bee re-
agent per manufacturer’s protocol (Tel-Test, Inc, Friendswood,
Texas). RNA concentration was determined using a NanoDrop
1000 Spectrophotometer (Thermo Scientific, Waltham,
Massachusetts) at 260 nm. Integrity of total RNA samples was
confirmed by gel electrophoresis with visualization of 28S and
18S rRNA bands under ultraviolet light. Reverse transcription
was performed using a High Capacity cDNA Synthesis Kit
(Applied Biosystems, Foster City, California). The cDNAs were
amplified by PCR using SsoAdvanced Universal SYBR Green
Supermix in a BioRad CFX384 Real-Time PCR Detection System
(Bio-Rad). The qPCR primers targeting the cDNAs of the host
BA-processing genes are shown in Supplementary Table 3. Data
were normalized to the geometric means of the ddCq values of
two housekeeping genes, namely glyceraldehyde 3-phosphate
dehydrogenase (Gapdh) and b-actin.

Data analysis. For CV and GF mice exposed to chemicals or vehi-
cle, statistical differences were determined using two-way
ANOVA (exposure and enterotype) followed by Tukey’s post hoc
test (adjusted p-value < .05) in R. Two-way hierarchical cluster-
ing dendrograms of BAs were generated using the native func-
tion of R. For CV mice only, differentially regulated taxa were
determined using one-way ANOVA followed by Duncan’s post
hoc test (p < .05). The R package corrplot was used for Pearson’s
correlation and visualization between differentially regulated
bacteria at the species level (L7) and the pooled sum of 14 BAs
from all four compartments that were statistically significant
among exposure groups (p < .05).

RESULTS

Composition and Predicted Functions of Bacteria in the Large
Intestine
Overall, following PCN or TCPOBOP, we did not observe an ap-
parent increase in body weight of CV or GF mice. As expected,
TCPOBOP-exposed mice had increased liver weight due to in-
creased cell proliferation. To determine the effect of pharmaco-
logical activation of PXR and CAR on the composition and
predicted functions of the gut microbiome in CV mice, DNA was
isolated from LIC and 16S rDNA sequencing was performed as
described in the Materials and Methods section. The alpha di-
versity among corn oil, PCN, and TCPOBOP was determined us-
ing the Chao1 index, and no differences were observed in
species richness and evenness (Supplementary Figure 1A). The
principle coordinates analysis plot of beta diversity as calcu-
lated by weighted UniFrac showed that mice of the same expo-
sure had similar taxa abundance and phylogeny (Figure 1A).

At the class level, PCN and/or TCPOBOP differentially regu-
lated the percentage of OTU of three taxa: Actinobacteria
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(decreased by PCN and TCPOBOP), Firmicutes Other (decreased
by PCN), and Gammaproteobacteria (increased by PCN)
(Figure 1B). Specifically, the PCN- and TCPOBOP-mediated de-
crease in the relative abundance of Actinobacteria was attributed
to decreased Bifidobacterium spp. (Figure 1C). Bifidobacterium spp.
are known to express the BA deconjugation enzyme bsh (Ridlon
et al., 2006). Consistent with reduced relative abundance of
Bifidobacterium spp., qPCR analysis of the LIC DNA showed a de-
crease in the abundance of bsh genes (Figure 1D). Furthermore,
the baiCD and baiJ, which metabolize primary BAs to secondary
BAs, tended to decrease, but were not statistically significant
(Figs. 2D–G); baiCD and baiJ are known to be present in certain
Clostridia species (Ridlon et al., 2006). This data suggests that PCN
and TCPOBOP exposure may reduce secondary BA synthesis.

As shown in Figure 2, several other taxa were differentially
regulated by PCN and/or TCPOBOP exposure. For example, PCN
increased the Ruminococcus genus in the Clostridia class
(Figure 2F). TCPOBOP increased a taxon of the Lactobacillales

order in the Bacilli class, and this taxon was undetected in vehi-
cle and PCN-exposed groups (Figure 2C). Both PCN and TCOBOP
reduced the relative abundance of the Actinobacteria class,
Anaeroplasma spp. in the Mollicutes class (Figure 2B), two taxa in
the Dorea genus (Figs. 2D and 2E), as well as a taxon in the
Peptococcaceae family (Figure 2G).

PICRUSt was used to predict the abundance of gene functions
of 274 identified gene families that form distinct KEGG pathways.
PCN did not affect any of the KEGG pathways of the gut micro-
biome. However, TCPOBOP increased the gene family counts of
three KEGG pathways: mineral absorption, ether lipid metabo-
lism, and phosphotransferase system (Supplementary Figure 1B).
The KEGG pathway for secondary bile acid synthesis was pre-
sent, but not significantly altered by PCN or TCPOBOP exposure.

BAs in Liver, Serum, SIC, and LIC
To determine how oral exposure to PCN and TCPOBOP affects
BA homeostasis and to test our hypothesis that the decrease in

Figure 1. A, Beta diversity of LIC microbiota in CV mice orally exposed to CO, PCN, or TCPOBOP (n ¼ 3 per group). The 16S rDNA sequencing data were analyzed using

QIIME as described in the Materials and Methods section. B, Differentially regulated intestinal bacteria at the class level (L3). C, Differentially regulated bacteria at the

species level (L7) from the class Actinobacteria. D, Abundance of intestinal microbial DNA encoding bsh, which is known to be present in certain Bifidobacterium spp.

(Ridlon et al., 2006), as well as bile acid inducible operons (bai) CD and J, which are known to be present in certain Clostridia species (Ridlon et al., 2006), from CV mice ex-

posed to corn oil, PCN, or TCPOBOP (n ¼ 5 per group) (qPCR). Asterisks (*) represent statistically significant differences as compared with corn oil-exposed group (one-

way ANOVA followed by Duncan’s post hoc test; statistical significance was considered at p < .05). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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BA-metabolizing bacteria and BA-metabolizing enzymes
(Figs. 1C and 1D) leads to reduced formation of secondary BAs,
targeted metabolomics of 56 BAs in serum, liver, SIC, and LIC of
CV mice given corn oil, PCN, or TCPOBOP. Individual BAs were
classified into seven major categories as described in
Supplementary Table 4: total, primary, secondary, conjugated,
unconjugated, 6-OH, and 12-OH BAs. Interestingly, in all compart-
ments tested, we detected low but significant levels of total sec-
ondary BAs. Because the GF mice were confirmed for the sterile
conditions by bacterial culture and 16S rRNA qPCR, the presence
of secondary BAs is not likely due to contamination. It is possible
that certain BAs that were defined as secondary BAs may un-
dergo host synthesis/repair mechanisms in GF conditions.

In liver, 21 BAs were above the limit of detection, and 18 of
them were differentially regulated by either chemicals or entero-
type. Under basal conditions, GF mice had higher total BAs than
CV mice, and this was attributed to higher primary, conjugated,
and unconjugated BAs (Figure 3A). In addition, there was a basal
increase in 6-OH BAs but not 12-OH BAs in the absence of gut
microbiota. Following chemical exposure, consistent with an ap-
parent decrease in BA-metabolizing microbial enzymes (bsh,
baiCD, and baiJ; Figs. 1C and 1D), both PCN and TCPOBOP de-
creased total secondary BAs in liver in a microbiota-dependent
manner (Figure 3A). PCN and TCPOBOP did not alter BAs from
other categories in livers of CV mice. In livers of GF mice, PCN also
had minimal effect on any of the seven BA categories. In contrast,

lack of gut microbiota augmented the TCPOBOP-mediated hepatic
increase in total BAs, which was attributed to an increase in pri-
mary, conjugated, and 6-OH BAs, as well as an apparent increase
in 12-OH BAs, but not unconjugated BAs (Figure 3A).

A two-way hierarchical clustering dendrogram of the rela-
tive concentrations of individual BAs in livers of CV and GF
mice is shown in Supplementary Figure 2, and examples of indi-
vidual differentially regulated BAs are shown in Figure 3B.
Under basal conditions, a total of two BAs (bMCA and T-a/
bMCA) were higher and 11 BAs (UDCA, HDCA, CDCA, T-LCA, 12-
DHCA, G-CA, T-DCA, xMCA, 5b-cholanic acid-3a, 6a-diol-7-one,
T-CA, and T-CDCA) were lower in livers of GF mice compared
with CV mice. In livers of CV mice, PCN-reduced CDCA, aMCA,
12-DHCA, T-DCA, and 5b-cholanic acid-3a, 6a-diol-7-one, all in a
gut microbiota-dependent manner; whereas TCPOBOP-reduced
UDCA, HDCA, MCA, T-LCA, aMCA, 12-DHCA, T-DCA, 5b-cholanic
acid-3a, 6a-diol-7-one, and CA in a gut microbiota-dependent
manner except for UDCA. Conversely, TCPOBOP increased T-
CDCA in livers of CV mice, and such increase was further aug-
mented in livers of GF mice. In addition, lack of gut microbiota
potentiated the TCPOBOP-mediated increase in T-a/bMCA. T-
HDCA was not altered by chemical exposure or lack of micro-
biota, but was a major contributor to secondary BAs in GF mice.

In serum, 13 BAs were above the LOD, and 8 were differen-
tially regulated by either chemicals or enterotype. As shown in
Supplementary Figure 3A, control GF mice had higher primary,

Figure 2. Differentially regulated intestinal bacteria at the species level (L7) within classes Firmicutes Other (A), Mollicutes (B), Bacilli (C), and Clostridia (D) from LIC of CV

mice orally exposed to CO, PCN, or TCPOBOP (n ¼ 3 per group) (16S rDNA sequencing). Data were analyzed using QIIME as described in the Materials and Methods section.

Asterisks (*) represent statistically significant differences as compared with corn oil-exposed group (one-way ANOVA followed by Duncan’s post hoc test; statistical signif-

icance was considered at p < .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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conjugated, and 6-OH BAs in serum than control CV mice. In se-
rum of GF mice, PCN appeared to lower the serum primary, con-
jugated and 6-OH BAs, whereas TCPOBOP did not have a major
effect on these BAs.

The regulation of individual BAs in serum of CV and GF mice
is shown in Supplementary Figure 3B. Under basal conditions,
two BAs (ie, the secondary BAs DCA and T-DCA) were de-
creased, whereas three BAs (T-a/bMCA, T-HDCA, and T-UDCA)

Figure 3. A, LC-MS quantification of total BAs, primary BAs, secondary BAs, conjugated BAs, unconjugated BAs, 6-OH BAs, and 12-OH BAs in livers of CV and GF mice ex-

posed to corn oil, PCN, or TCPOBOP (n ¼ 4–5 per group) as described in the Materials and Methods section. B, Individual differentially regulated primary BAs (top panels)

and secondary BAs (bottom panels) in livers of CV and GF mice exposed to corn oil, PCN, and TCPOBOP. Asterisks (*) represent statistically significant differences as com-

pared with corn oil-exposed group of the same enterotype; pounds (#) represent statistically significant differences between CV and GF mice exposed to the same chemi-

cal (two-way ANOVA followed by Tukey’s post hoc test; statistical significance was considered at adjusted p-value < .05). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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were increased in serum of GF mice relative to CV mice. PCN
and TCPOBOP in general did not alter these individual BAs in
serum, except for a marked increase in T-CDCA by TCPOBP in
serum of GF mice. Serum of PCN-exposed GF mice had lower T-
DCA and CA as compared with serum of PCN-exposed CV mice.
Serum of TCPOBOP-exposed CV mice also had lower T-DCA as
compared with serum of TCPOBOP-exposed CV mice, but had
higher T-a/bMCA, T-CA, T-HDCA, and T-UDCA. These data are
summarized as a two-way hierarchical clustering dendrogram
of the relative concentrations of individual BAs as shown in
Supplementary Figure 3C.

For intestinal content, a systematic comparison between BA
profiles in SIC and LIC of CV and GF mice exposed to corn oil,
PCN, or TCPOBPOP was performed as shown in Figures 5 and 6
and Supplementary Figures 4 and 5.

In SIC, 32 BAs were detected above the LOD, and they were all
differentially regulated by either chemical exposure or entero-
type. As shown in Figure 4A, control GF mice, as expected, had
higher total BAs compared with CV mice, and this was attributed
to primary BAs, whereas secondary BAs were decreased. The
basal levels of conjugated BAs were higher and unconjugated BAs
were lower in GF control compared with CV control mice. BAs
from the alternative pathway (6-OH BAs) but not the classic path-
way (12-OH BAs) were preferably increased in the absence of gut

microbiota. The increase in total, primary, conjugated, and 6-OH
BAs and the decrease in unconjugated BAs was maintained in GF
mice following PCN and TCPOBOP exposure. Interestingly, there
was a decrease in secondary BAs by PCN exposure. In contrast,
lack of gut microbiome potentiated the TCPOBOP-mediated in-
crease in total, primary, conjugated, and 6-OH BAs in SIC. In LIC,
35 BAs were detected above the LOD. As shown in Figure 4B, con-
trol GF mice had higher primary and conjugated BAs than control
CV mice, but there was no statistical increase in total BAs
(Figure 5A). The basal levels of secondary and unconjugated BAs
were markedly lower in GF mice, and the decreased levels of sec-
ondary and unconjugated BAs was remained significant following
PCN and TCPOBOP exposure. There were no PCN- or TCPOBOP-
mediated differences among the BA categories listed in Figure 4B.

Regarding the regulation of individual BAs in SIC of CV and
GF mice, as shown in Figure 5A and Supplementary Figure 4, un-
der basal conditions, a total of 17 BAs (UDCA, HDCA, 5b-
Cholanic Acid-3a, 6a-diol-7-one, CA, bMCA, aMCA, CDCA, DCA,
G-HDCA, G-DCA, T-HDCA, T-UDCA, T-a/bMCA, T-HCA, T-CA,
T-xMCA, and T-CDCA) were increased, and ten BAs (8(14),(5b)-
cholenic acid-3a, 12a-diol, 3a-OH-7 KetoLCA, 5a-cholanic acid-
3a-ol-6-one, 12-DHCA, xMCA, 3-DHCA, LCA, MCA, 3a-OH-12
KetoLCA, and T-CDCA) were decreased in SIC of GF mice. In liv-
ers of CV mice, PCN decreased UDCA, HDCA, 8(14),(5b)-cholenic

Figure 4. A, LC-MS quantification of total BAs, primary BAs, secondary BAs, conjugated BAs, unconjugated BAs, 6-OH BAs, and 12-OH BAs in SIC of CV and GF mice ex-

posed to corn oil, PCN, or TCPOBOP (n ¼ 4–5 per group) as described in the Materials and Methods section. B, Individual differentially regulated primary BAs (top panels)

and secondary BAs (bottom panels) in SIC of CV and GF mice exposed to corn oil, PCN, and TCPOBOP. Asterisks (*) represent statistically significant differences as com-

pared with corn oil-exposed group of the same enterotype; pounds (#) represent statistically significant differences between CV and GF mice exposed to the same chemi-

cal (two-way ANOVA followed by Tukey’s post hoc test; statistical significance was considered at adjusted p-value < .05). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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Figure 5. LC-MS quantification of primary conjugated BAs (A), primary unconjugated BAs (B), and secondary conjugated BAs (C) in SIC and LIC of CV and GF mice ex-

posed to corn oil, PCN, or TCPOBOP (n ¼ 4–5 per group) as described in the Materials and Methods section. Asterisks (*) represent statistically significant differences as

compared with corn oil-exposed group of the same enterotype; pounds (#) represent statistically significant differences between CV and GF mice exposed to the same

chemical (two-way ANOVA followed by Tukey’s post hoc test; statistical significance was considered at adjusted p-value < .05). (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Figure 6. Individual differentially regulated BAs in SIC and LIC of CV and GF mice exposed to corn oil, PCN, or TCPOBOP (n ¼ 4–5 per group) as described in the Materials

and Methods section. Asterisks (*) represent statistically significant differences as compared with corn oil-exposed group of the same enterotype; pounds (#) represent

statistically significant differences between CV and GF mice exposed to the same chemical (two-way ANOVA followed by Tukey’s post hoc test; statistical significance

was considered at adjusted p-value < .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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acid-3a, 12a-diol, 3a-OH-7 KetoLCA, 5a-cholanic acid-3a-ol-6-
one, and MCA. TCPOBOP also decreased MCA, but increased
UDCA, HDCA, 8(14),(5b)-cholenic acid-3a, 12a-diol, 5a-cholanic
acid-3a-ol-6-one in SIC of CV mice. In SIC of GF mice, lack of gut
microbiota potentiated the TCPOBOP-mediated increase in T-a/
bMCA, T-HCA, and T-CDCA and the PCN-mediated increase in
G-HDCA.

Regarding the regulation of individual BAs in LIC of CV and
GF mice, as shown in Figure 6 and Supplementary Figure 5, the
lack of gut microbiota had a greater regulatory effect on BA lev-
els in LIC than did chemical exposure. In LIC of control GF mice,
a total of four BAs (T-a/bMCA, T-xMCA, T-UDCA, and T-CA)
were increased and 20 BAs were decreased (3,12-diketocholanic
acid, 3,7-diketocholanic acid, 5a-cholanic acid-3, 6-dione, 3,6-
diketocholanic acid, 3a-OH-12 KetoLCA, 3-ketocholanic acid, 3a-
OH-7 KetoLCA, 5a-cholanic acid-3a-ol-6-one, 8(14),(5b)-cholenic
acid-3a, 12a-diol, HDCA, UDCA, MCA, DCA, LCA, IsoLCA, 3-
DHCA, 5b-cholanic acid-3a, 6a-diol-7-one, xMCA, HCA, and
AlloLCA). In LIC of CV mice, PCN-reduced AlloLCA, whereas
TCPOBOP increased AlloLCA, HCA, and xMCA in a gut
microbiome-dependent manner. Neither PCN nor TCPOBOP al-
tered LIC BAs in GF conditions.

Pearson Correlation Analysis of LIC Bacteria and BAs
To determine the relationship between BAs and gut microbiota,
BAs that were differentially regulated in serum (Supplementary
Figure 6A) and LIC (Supplementary Figure 6B) were correlated
against the 11 differentially regulated bacteria in LIC. In serum,
the primary conjugated BAs T-a/bMCA and T-CDCA were nega-
tively correlated with seven taxa (two Bifidobacterium spp., two
Dorea spp., Peptociccaceae, Anaeroplasma spp., and Ruminococcus).
In contrast, the majority of these taxa (except for Ruminococcus)
were positive correlated with the secondary unconjugated
BA DCA. The taxa Lactobacillales, Bradyrhizobiaceae, and
Anaerotruncus spp. were positively correlated with T-a/bMCA
and T-CDCA but negatively correlated with DCA. In LIC,
Bifidobacterium spp., Dorea spp., Peptociccacea, and Anaeroplasma
spp. were positively correlated with the conjugated primary BA
T-UDCA, but negatively correlated with the unconjugated BAs
(HCA, aMCA, bMCA, AlloLCA, xMCA, 3-DHCA). Conversely,
Lactobacillales, Bradyrhizobiaceae, and Anaerotruncus spp. were
positively correlated with these unconjugated BAs, but nega-
tively correlated with T-UDCA.

Hepatic Gene Expression
Xenobiotic receptor-target genes. The mRNA expression of five pro-
totypical target genes of major xenobiotic-sensing transcription
factors were determined to confirm pharmacological activation
of PXR by PCN or CAR by TCPOBOP (Figure 7A). Regarding PXR
activation, PCN increased the expression of Cyp3a11 in GF mice
and tended to increase expression in CV mice, suggesting that
lack of gut microbiota potentiates PXR activation, a similar ob-
servation as we reported previously (Cui and Klaassen, 2016).
CAR activation by TCPOBOP increased the expression of
Cpy2b10 as expected (Cui and Klaassen, 2016). Lack of gut
microbiota sensitized the TCPOBOP-mediated increase in the
expression of Cyp1a2, which has been reported to carry a CAR
binding motif in the promoter region (Yoshinari et al., 2010).
Both PXR and CAR activation decreased the peroxisome
proliferator-activated receptor a (PPARa) target gene Cyp4a14,
and this was consistent with our previous reports (Cui and
Klaassen, 2016; Li et al., 2016). No changes in gene expression
were observed in CV or GF mice for the nuclear factor, erythroid

derived 2, like 2 (Nfe2l2/Nrf2) target gene NAD(P)H dehydroge-
nase, quinone 1 (Nqo1).

Hepatic BA synthesis genes. The mRNA expression for six major
BA-processing genes was determined (Figure 7B). Interestingly,
for the classic pathway of BA synthesis, lack of gut microbiota
potentiated the TCPOBOP-mediated increase in the mRNA of
the rate-limiting BA-synthesizing enzyme Cyp7a1 in liver, and
this corresponded with an increase in total and primary BAs in
liver of GF mice but not in CV mice (Figure 3A). In livers of CV
mice, TCPOBOP decreased the expression of Cyp8b1, which pro-
duces CA and determines the ratio between CA (classic path-
way) and CDCA (alternative pathway). For the alternative
pathway of BA synthesis, in CV mice, PCN and TCPOBOP expo-
sure decreased the expression of the rate-limiting enzyme
Cyp27a1 and the downstream enzyme Cyp7b1. Regarding BA
conjugation, TCPOBOP decreased Slc27a5/Bal in a gut micro-
biome-dependent manner; however, expression of the
BA-amino acid conjugating enzyme BA-CoA: amino acid N-acyl-
transferase Baat remained unchanged.

Hepatic basolateral uptake transporters. In general, neither chemi-
cal exposure nor enterotype altered the mRNA expression of he-
patic basolateral uptake transporters examined (Figure 7C).
TCPOBOP exposure tended to decrease the expression of several
transporters (Oatp1a1, 1b2, 2b1), but statistical significance was
not achieved.

Hepatic basolateral efflux transporters. PCN and TCPOBOP had no
effect on basolateral efflux transporters examined in the livers
of CV mice (Figure 7D). However, lack of gut microbiota potenti-
ated the TCPOBOP-mediated increase in the multidrug
resistance-associated protein ATP-binding cassette, sub-family
C (CFTR/MRP), member 3 (Abcc3/Mrp3), and Abcc4/Mrp4.

Hepatic canalicular efflux transporters for BAs, lipids, and cholesterol.
For BA canalicular efflux transporters in CV and GF mice,
TCPOBOP exposure decreased the expression of the phospho-
lipid transporter Abcb4/Mdr2, whereas lack of gut microbiota
and PCN downregulated mRNA expression of Mdr2 (Figure 7E).
In livers of GF mice, the basal expression of the cholesterol ef-
flux dimer Abcg5/g8 was higher than in livers of CV mice in con-
trol conditions, but PCN and TCPOBOP exposure decreased their
expression toward CV levels. In liver of CV mice, the mRNA of
the canalicular membrane transporter ATPase, class I, type 8B,
member 1 (Atp8b1), which translocates phosphatidylserine and
phosphatidylethanolamine from the outer to the inner leaflet
bilayer (Klaassen and Aleksunes, 2010), was decreased by
TCPOBOP exposure and tended to decrease by TCPOBOP in GF
mice (Figure 7F).

Hepatic Small Heterodimer Partner and Ileal BA-Processing Gene
Expression
Hepatic expression of the repressive nuclear hormone nuclear
receptor subfamily 0, group B, member 2 (Nr0b2/small hetero-
dimer partner [SHP]) was decreased by TCPOBOP exposure in
both CV and GF mice, but not by PCN exposure (Figure 7G).
Overall, there were no significant PCN- or TCPOBOP-mediated
effects on the expression of BA transporters in CV or GF mice
(Figure 8). The mRNA expression of the cholesterol efflux trans-
porter Abca1 was higher in vehicle-exposed GF mice than CV,
and the enterotype effect was attenuated by PCN and TCPOBOP
in GF mice (Figure 8A). Similarly, the BA signaling hormone
Fgf15 was increase in GF corn oil mice compared with CV corn
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Figure 7. RT-qPCR quantification of mRNAs in livers of CV and GF mice exposed to corn oil, PCN, and TCPOBOP (n ¼ 4–5 per group) for prototypical PXR- and CAR-regu-

lated target genes (A), primary BA synthesis (B), hepatic BA uptake transporters (C), basolateral efflux transporters for BAs and cholesterol (D), canalicular efflux trans-

porters for BAs, lipids, and cholesterol (E and F), and the repressive nuclear receptor Shp (G). The mRNA was calculated by dividing the ddCq for the gene of interest by

the ddCq for the geometric mean of b-actin and Gapdh. Asterisks (*) represent statistically significant differences as compared with corn oil-exposed group of the same

enterotype; pounds (#) represent statistically significant differences between CV and GF mice exposed to the same chemical (two-way ANOVA followed by Tukey’s post

hoc test with adjusted p-value < .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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oil mice, but the enterotype difference was attenuated following
exposure to PCN or TCPOBOP (Figure 8B).

Hepatic Muricholic Acid Synthesis Genes
Recently, it was shown that in mice, Cyp2c70 is responsible for
the species difference in mice regarding the synthesis of aMCA
and bMCA from CDCA and UDCA, (Takahashi et al., 2016), but
not Cyp3a11 (Wahlstrom et al., 2017). We speculate that other
Cyp2c members may also contribute to muricholic acid-
synthesis in liver. Therefore, the mRNA of Cyp2c70 and other
Cyp2c members was quantified by RT-qPCR as shown in
Figure 9.

There were no differences in basal expression of Cyp2c
genes between CV and GF mice, and PCN did not alter the Cyp2c
gene expression in CV or GF mice. In contrast, TCPOBOP in-
creased the mRNAs of Cyp2c29, 2c37, 2c38, 2c39, Cyp2c50, 2c55,

2c65, and 2c66 in both CV and GF mice. The TCPOBOP-mediated
increase in the expression of Cyp2c54 was potentiated in livers
of GF mice. Conversely, Cyp2c44 mRNA was decreased by
TCPOBOP in both CV and GF mice. The expression of Cyp2c67,
2c68, 2c69, and 2c70 was not altered by any exposure
conditions.

DISCUSSION

Taken together, this study used 16S rDNA sequencing, BA tar-
geted metabolomics, bioinformatics, and RT-qPCR analysis, to
determine the gut microbiota-dependent regulation of BA ho-
meostasis in response to pharmacological activation of PXR or
CAR in mice. Although there is a breadth of research demon-
strating how PXR and CAR activators and repressors modulate
host gene expression in the liver, there is limited information

Figure 8. RT-qPCR quantification of mRNAs in ileum of CV and GF mice exposed to corn oil, PCN, and TCPOBOP (n ¼ 4–5 per group) for intestinal BA transporters (A)

and the murine bile acid synthesis regulating hormone Fgf15 (B). The mRNA was calculated by dividing the ddCq for the gene of interest by the ddCq for the geometric

mean of b-actin and Gapdh. Asterisks (*) represent statistically significant differences as compared with corn oil-exposed group of the same enterotype; pounds (#) rep-

resent statistically significant differences between CV and GF mice exposed to the same chemical (two-way ANOVA followed by Tukey’s post hoc test with adjusted

p-value < .05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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regarding how bacteria in the gut are regulated by host receptor
activation. This study provides evidence of the effect of phar-
macological activation of the host xenobiotic sensing nuclear
receptors PXR and CAR on the gut microbiome composition and
functions with a primary focus on bile acid homeostasis. Prior
to our work, Dr Curtis Klaassen’s laboratory has systematically
characterized the effect of pharmacological activation of PXR,
aryl hydrocarbon receptor (AhR), and peroxisome proliferator-
activated receptor a (PPARa) on bile acid homeostasis and the
regulation of host bile acid processing genes in CV mice
(Csanaky et al., 2018; Lickteig et al., 2016; Zhang et al., 2017, 2018).
As a follow-up, this study adds the knowledge to this field by (1)
examining the effect of pharmacological activation of PXR and
CAR in both CV and GF mice; and (2) unveiling the regulation of
gut microbiota by these receptors. The rationale for using GF
mice was that they allowed for the investigation of primary BA
regulation independently from secondary BAs. Investigation of
the bacterial composition of LIC enabled the identification of
taxonomic shift associated with host xenobiotic-sensing nu-
clear receptor activation and BA changes. Targeted metabolo-
mics of BAs in four major compartments (liver, serum, SIC, and
LIC) unveiled gut microbiota-dependent and xenobiotic-
mediated effects on BA homeostasis.

Regarding PXR, several studies have established a role be-
tween PXR activation, anti-inflammation, and the microbiome.

For example, the microbial metabolite indole-3-propionic acid is
a PXR activator in intestine that promotes PXR to interact with
Toll-like receptor 4 to protect the epithelial barrier integrity and
reduce inflammation (Venkatesh et al., 2014). PXR activation is
also known to suppress inflammatory responses in hepato-
cytes, and PXR activation was found to be lower in patients with
inflammatory bowel disease (Sun et al., 2015; Wallace et al.,
2010). In this study, we demonstrated that pharmacological ac-
tivation of PXR reduced the relative abundance of
Bifidobacterium spp., which have been shown to protect the in-
testinal epithelial barrier in inflammatory models (Figure 1 and
summarized in Figure 10) (Guo et al., 2017; Wang et al., 2014).
Previously, it was reported that PXR activation by the
cholesterol-lowering drugs pravastatin and atorvastatin also
decreased the abundance of Bifidobacterium spp. in a female
mouse model (Caparros-Martin et al., 2017). Our study using
PCN as a prototypical PXR activator showed consistent findings
with the previous report using statins as PXR activators.
Together, these studies suggest that the anti-inflammatory
properties of PXR may decrease the necessity for immune-
modulation by Bifidobacterium spp. in the gut. For other bacteria,
Ruminococcus spp., which was increased by pharmacological ac-
tivation of PXR (Figure 2 and summarized in Figure 10), is con-
sidered a beneficial taxon that facilitates the digestion of
complex carbohydrates from high fiber food and has been

Figure 9. RT-qPCR quantification of mRNAs of Cyp2c genes in liver of CV and GF mice exposed to corn oil, PCN, and TCPOBOP (n ¼ 4–5 per group). The mRNA was calcu-

lated by dividing the ddCq for the gene of interest by the ddCq for the housekeeping gene Rpl13a. Asterisks (*) represent statistically significant differences as compared

with corn oil-exposed group of the same enterotype; pounds (#) represent statistically significant differences between CV and GF mice exposed to the same chemical

(two-way ANOVA followed by Tukey’s post hoc test with adjusted p-value < .05). (For interpretation of the references to colour in this figure legend, the reader is re-

ferred to the web version of this article.)
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negatively associated with diabetes and colon cancer (Lagier
et al., 2012; Ze et al., 2012). PCN also decreased a nonspecific
taxon in the Firmicutes phylum, which contains the class
Clostridiales and are capable of producing toxic secondary BAs
(Ridlon et al., 2006). Therefore, the benefits of host PXR activa-
tion may act in part through increasing the percentage of bene-
ficial bacteria in the gut.

There are limited studies examining the interaction between
CAR activation and the gut microbiome. The mRNA of CAR was
found higher in livers of mice lacking a gut microbiome (Lundin
et al., 2008). This study showed that pharmacological activation
of CAR increased the Lactobacillales order, which is known to
decompose plant and milk products through carbohydrate fer-
mentation, producing lactic acid as the major metabolic product
(Figure 2) (Kandler, 1983). Aneroplasma spp. was decreased by
both CAR and PXR activation and is associated with fiber digest-
ibility (Niu et al., 2015); Dorea spp., which colonizes mucosal
regions where sialic acid is abundant, was also decreased by
both PXR and CAR and has been shown to an increase in IBS
patients, suggesting that Dorea spp. may not act positively on
the host (Leclercq et al., 2014; Rajilic-Stojanovic et al., 2011;
Tailford et al., 2015). CAR activation also decreased
Bifidobacterium spp., which has been shown to protect the intes-
tinal epithelial barrier in inflammatory models of postinfectious
irritable bowel syndrome model in mice and in the human epi-
thelial colorectal adenocarcinoma Caco-2 cell line (Guo et al.,
2017; Wang et al., 2014). Activation of CAR has long been known
to reduce blood-glucose and improve insulin sensitivity in

diabetic patients (Lahtela et al., 1985; Sotaniemi and Karvonen,
1989) as well as suppress the expression of gluconeogenic genes
in rat primary hepatocytes (Argaud et al., 1991) and mouse liver
(Ueda et al., 2002). Later, in both leptin-deficient ob/ob mice and
wild-type mice fed a high-fat diet, it was shown that CAR ago-
nists decreased fasting serum-glucose levels and hepatic glu-
cose production to decrease hyperglycemia and improve insulin
sensitivity (Dong et al., 2009; Gao et al., 2009). However, it was
also shown in a choline-deficient nonalcoholic steatohepatitis
(NASH) mouse model that CAR activation caused lipid peroxida-
tion and increased fibrosis (Yamazaki et al., 2007). Certain com-
pounds from the gut microbiome, such as BAs and short-chain
fatty acids from fiber, act as signaling molecules to host organs
to regulate metabolic health, including obesity, type II diabetes,
nonalcoholic fatty liver disease, and NASH (Makki et al., 2018;
Schroeder and Backhed, 2016). More research is needed to un-
derstand how CAR may interact with the gut microbiome to im-
prove metabolic health.

This study found that several bacterial genes involved in
secondary BA synthesis were decreased or appeared to be
downregulated after PXR or CAR activation (Figure 1). In particu-
lar, the PCN- and TCPOBOP-mediated decrease in Bifidobacterium
spp. was associated with a decrease in the DNA encoding the
bacterial BA deconjugation enzyme gene bsh. Because
Bifidobacterium is known to carry bsh activity, the decrease in
this taxa explains the decrease in the DNA encoding the bsh en-
zyme (Jarocki et al., 2014). In addition, there was an apparent de-
crease in the DNA encoding baiCD and baiJ, which are

Figure 10. A diagram illustrating the major findings of this study. Briefly, (1) PCN and TCPOBOP exposure decreased Bifidobacterium spp., Anaeroplasma spp., and Dorea

spp.; (2) lack of gut microbiota potentiated an increase in total, primary, conjugated and 6-OH BAs in SIC and liver, whereas secondary BAs were increased in CV mice

by PCN exposure; and (3) expression of the genes in the alternative BA synthesis were decreased by PCN and TCPOBOP exposure in CV and GF mice, whereas Cyp7a1

was increased in GF mice by TCPOBOP.
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responsible for secondary BA synthesis. This corresponded with
a decrease in total secondary BAs in liver following PCN and
TCPOBOP exposure. Conjugated BAs are considered less toxic
than unconjugated BAs and do not undergo passive diffusion
due to increased size and ionization in the small intestine
(Hofmann, 2009). However, overall, the decreased bsh genes did
not significantly change the pool of conjugated or unconjugated
BA in any compartment of CV mice, suggesting that the expres-
sion of bsh genes was maintained despite a decrease in gene
number or additional genes may act similarly to bsh, but they
have not been identified. Because the total BAs and primary BAs
did not change due to treatment in CV mice, it is possible that
PXR and CAR activation diminished the synthesis and/or in-
creased the excretion of secondary BAs.

There is no evidence demonstrating that BAs can directly
function as ligands of CAR, but the CAR activators phenobarbital
and TCPOBOP have been shown to repress Cyp7a1 and may pro-
tect against BA toxicity similar to the functions of farnesoid X
receptor (FXR/Nr1h4) and PXR (Guo et al., 2003; Li and Chiang,
2014; Miao et al., 2006). Following exposure to TCPOBOP, there
was no change in the expression of Cyp7a1 in CV mice.
However, there was a marked increase in GF mice that was po-
tentiated by the lack of gut microbiome. This corresponded with
an increase in total, primary, conjugated and 6-OH BAs in liver
and SIC of GF mice exposed to TCPOBOP (summarized in
Figure 10). Very little is known regarding the molecular mecha-
nisms underlying the potentiated CAR ligand-mediated in-
crease in Cyp7a1 mRNA in germ free conditions. It has been
shown that during a lithogenic diet CAR increases Cyp7a1 ex-
pression to promote the metabolism of cholesterol into bile
acids, as a compensatory mechanism (Cheng et al., 2017). It is
known that livers of GF mice have higher cholesterol content
(Mistry et al., 2017), thus it is possible that germ free conditions
triggered the same signaling pathway for Cyp7a1 mRNA upregu-
lation. Dr Curtis Omiecinski’s laboratory recently demonstrated
identified a positive CAR-DNA binding site with over 30-fold of
enrichment near the promoter of mouse Cyp7a1 gene following
TCPOBOP exposure (Niu et al., 2018) (https://genome.ucsc.edu/
cgi-bin/hgTracks? hgS_doOtherUser¼submit&hgS_otherUser
Name¼nxb939&hgS_otherUserSessionName¼ChIP_exo_CAR). In
summary, these observations from the literature and our data
suggest that the increase in Cyp7a1 mRNA by CAR activation is
sensitized by cholesterol overload and likely a result of an in-
crease in direct CAR-binding.

Regarding individual BAs, the TCPOBOP-mediated, gut
microbiome-dependent increase in BAs in liver is attributable to
T-a/bMCA and T-CDCA as well as bMCA and T-CA, whereas the
increase in SIC this was attributed to T-a/bMCA, T-CDCA, and T-
HCA, as well as T-UDCA, T-CA, and T-xMCA. The majority of
these BAs are derivatives of CDCA an alternative pathway BA,
which is converted to a/bMCA in mice by Cyp2c (Takahashi
et al., 2016). To note, bMCA is an antagonist of FXR (Sayin et al.,
2013). Because activation of FXR inhibits the expression of
Cyp7a1, it is possible that potent CAR activation increases muri-
cholic acids, which in turn blocks the FXR-mediated inhibition
of BA synthesis. In a mouse bile duct ligation model, total BAs
in serum increased less in CAR-null mice than PXR-null mice; in
particular, this was due to a lesser increase in T-CA, T-CDCA,
and T-bMCA, suggesting that constitutive activation of CAR is
important in the synthesis of these BAs during conditions of
toxicity (Stedman et al., 2005). Despite several studies showing
indirect associations between CAR and FXR, there are no known
direct interactions such that CAR and FXR co-regulate BA ho-
meostasis (Beilke, Aleksunes, Olson, et al. 2009; Guo et al., 2003;

Saini et al., 2004; Stedman et al., 2005). The present research
shows that lack of gut microbiome potentiates BA synthesis fol-
lowing CAR activation and that the regulation of BA homeosta-
sis by activation of CAR in mice may be microbiome-dependent.

In a study investigating the basal regulation of BAs between
CV and GF mice, in liver, Selwyn et al. found increased total, pri-
mary, and conjugated BA species in GF mice compared with CV
mice (Selwyn, Csanaky, et al., 2015), which is comparable with
this study, and this was most likely attributable to an increase
in T-a/bMCA (Figure 3). Under basal conditions, the concentra-
tions of total, primary, conjugated, and 6-OH BAs were higher in
GF compared with CV mice in multiple bio-compartments (liver,
SIC, and LIC); in addition, unconjugated BAs were also higher in
the liver of GF mice. It has been suggested that the increased BA
pool in GF mice may be due to increased reabsorption of BAs
and decreased excretion in the feces (Gustafsson et al., 1957;
Riottot and Sacquet, 1985; Sayin et al., 2013). Consistent with
Sayin et al., muricholic acids (T-a/bMCA and bMCA), which are
derivatives of CDCA, were also increased in GF mice (Figs. 3 and
5, and Supplementary Figure 3), but was not previously reported
in Swiss Webster mice (Sayin et al., 2013) and could reflect a
strain difference with C57BL/6J mice. The increased BA pool
may also be contributed by FXR antagonism due to increased T-
a/bMCAs, which are known FXR antagonists (Sayin et al., 2013).
FXR antagonism in intestine may subsequently suppress the in-
testinal Fgf15-mediated downregulation of the hepatic bile acid
synthetic enzyme Cyp7a1. The lack of this FXR-Fgf15-Cyp7a1
negative feedback loop may explain the higher basal levels of
bile acids in GF mice. The increased T-a/bMCAs may be due to
decreased expression of Cyp8b1, which affects the ratio of CA
(12-OH) to CDCA (6-OH). Alternatively, bacteria could preferen-
tially metabolize muricholic acids over CA, resulting in the large
increase in GF mice. Furthermore, the increased BA pool in GF
mice may be due to the FXR antagonistic activity of T-a/bMCA
in liver. T-a/bMCA had the highest concentration in GF mice in
this study; following TCPOBOP in GF mice, both T-a/bMCA and
Cyp7b1 increased, which is consistent with known FXR antago-
nism by T-bMCA.

Sayin et al. (2013) quantified 16 bile acids between CV and GF
mice, among which six were secondary bile acids (DCA, LCA,
xMCA, and their taurine conjugates). In their GF mice, these sec-
ondary bile acids were not detected in liver, small intestine, or
large intestine, and DCA and xMCA were minimally detected in
serum (Sayin et al., 2013). Quantification of DCA, LCA, xMCA,
and their taurine conjugates in this study, matched Sayin et al.,
with the exception of T-xMCA in SIC. It was highly abundant in
SIC, especially following exposure to TCPOBOP, suggesting that
there may be an unknown host mechanism be capable of pro-
ducing T-xMCA that could be CAR-dependent. Other BAs tradi-
tionally considered secondary BAs monitored in this study were
identified in GF mice. In particular, T-HDCA has similar concen-
tration levels in liver between CV and GF mice and was mark-
edly increased in GF SIC following TCPOBOP exposure,
suggesting that there is a host mechanism for T-HDCA produc-
tion that is CAR-dependent. Indeed, HDCA was previously iden-
tified in GF pigs (Haslewood, 1971). Overall, the quantification of
some traditional secondary BAs in GF mice suggests that the
gut microbiota may mask host synthesis of these BAs.

In a previous study, CAR was activated by TCPOBOP (3 mg/
kg) in 12- to 15-week-old CV male mice for 4 days by intraperito-
neal (i.p.) route and BAs were quantified in serum and liver and
BA synthesis genes in liver and ileum were measured by qPCR
(Lickteig et al., 2016). In serum, Lickteig et al. observed increased
T-a/bMCA, T-UDCA, T-HDCA, and aMCA as well as decreased
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T-DCA and DCA following TCPOBOP exposure; whereas this
study found no changes in BA categories in serum
(Supplementary Figure 2). In liver, Lickteig et al. found that
TCPOBOP exposure decreased total, primary, secondary, conju-
gated, unconjugated, and 12-OH BAs; regarding specific BAs, the
primary BA T-CA was markedly decreased whereas the second-
ary BAs T-DCA, DCA, and T-LCA were decreased. This study
only found a decrease in livers of CV mice of secondary BAs due
to the minor BAs HDCA, MCA, and T-LCA, whereas T-DCA in-
creased. Comparison of the BA concentrations between the two
studies suggests that the route of exposure (i.p. vs oral) or age
can influence individual BA species in serum. In addition, be-
cause the studies were performed at two different facilities, the
different housing conditions (food, bedding, water, etc.) could
have led to differing responses to CAR activation and micro-
biome composition. There were also different responses seen in
hepatic BA synthesis gene expressions. Lickteig et al. found in-
creased hepatic expression of Cyp7a1 and Cyp27a1 and de-
creased Cyp7b1 and Cyp8b1, which could be a compensatory
response to decreased concentrations of BAs in liver. Whereas
this study found no change in Cyp7a1 and decreased Cyp27a1,
Cyp7b1, Cyp8b1, which could explain why total BAs were
unchanged whereas the concentration of CA, CDCA, and their
derivatives tended to decrease. Overall, both studies have dem-
onstrated that CAR is an important regulator of BA
homeostasis.

Pearson correlation was used to identify relationships be-
tween the differentially regulated taxa and BAs in serum and
LIC (Figure 6). Bifidobacterium spp. and Lactobacillus spp. express
the BA deconjugating enzyme bsh (Ridlon et al., 2006), so they
were anticipated to be positively correlated with deconjugated
BAs. In serum, Bifidobacterium spp. was positively correlated
with deconjugated BAs; however, in LIC, Bifidobacterium spp. was
positively correlated with conjugated BAs. It is possible that the
deconjugation reactions by Bifidobacterium spp. are BA-specific.
Consistent with the literature, Dorea was positively correlated
with DCA in serum (Martin et al., 2018); Ruminococcus was also
reported to be positively associated with deconjugation of TCA
(Martin et al., 2018). The BA metabolism of Bradyrhizobiaceae is
not known, however Gram-negatives are thought to have a
higher BA tolerance than Gram-positive bacteria (Ridlon et al.,
2016). The unknown taxa in the phylum Firmicutes may have a
competitive advantage following changes in BA homeostasis as
rodents fed BAs or high-fat diets tend to have increased
Firmicutes (Hildebrandt et al., 2009; Ridlon et al., 2016). More re-
search is needed to understand the specificity of BA-bacteria
interactions and the selectivity of bacterial BA metabolizing
enzymes.

CAR activation by TCPOBOP decreased the cholesterol cana-
licular efflux transporters Abcg5 and Abcg8 in livers of GF mice
but not CV mice. The decreased hepatic expression of these
transporters predicts a build-up of cholesterol and oxysterols in
hepatocytes in the absence of the gut microbiome. The liver X
receptors (LXRs) coordinately regulate sterol catabolism, stor-
age, efflux, and elimination, including Abcg5 and Abcg8 (Berge
et al., 2000; Repa et al., 2002), and mice lacking either gene accu-
mulate cholesterol in the liver (Yu et al., 2002). CAR and LXR
have distinct functions for coordinating a response to xenobiot-
ics and promoting lipogenesis. In vivo CAR activation inhibited
the expression of LXR target genes and LXR-induced lipogene-
sis, demonstrating the presence of a crosstalk between CAR and
LXR (Gnerre et al., 2005). Therefore, it is plausible that CAR acti-
vation inhibited LXR-regulated genes, such as Abcg5 and Abcg8.
In addition, both LXR and CAR interact with peroxisome

proliferator-activated receptors (PPARs), and these interactions
have been associated with atherosclerosis and obesity (Xu et al.,
2018). Understanding the interactions between CAR, LXR, and
PPARs may reveal new therapeutic targets for metabolic dis-
eases and provide insight for the evaluation of BA-dependent
toxicological responses. Similarly, in this study, SHP was de-
creased by CAR activation. It is known that SHP can interact
with CAR to inhibit CAR-target gene expression; however, more
research is needed to identify co-regulatory networks between
SHP, CAR, and BA synthesis (Bae et al., 2004; Li and Chiang,
2013).

This study investigated how pharmacological activation of
PXR and CAR can modulate the gut microbiome as well as pri-
mary and secondary BA homeostasis. The gut microbiome was
sequenced from the LIC by 16S rDNA. Because this method uses
primers, the identified taxa may be a biased representation of
the DNA that was amplified during library preparation. In addi-
tion, resolution of 16S rDNA data was limited to the mapping
database and therefore PXR or CAR activation could not reliably
be associated with bacteria at the species level. Furthermore,
there was weak evidence correlating the significantly differenti-
ated bacteria with altered BAs. Active BA uptake occurs in the il-
eum, but some BAs are passively absorbed in the colon. In this
study, we did not sequence the bacterial DNA from the small in-
testine. However, two major reactions occur in the large intes-
tine, namely 7-dehyoxylation and epimerization reactions of
hydroxyl moieties (Hofmann, 2009), and we were able to capture
the bacteria performing these important BA modifications.
Whereas we measured BAs in four compartments (blood, liver,
SIC, and LIC), we did not quantify BAs in the gall bladder or
other peripheral tissues that may also be affected by BA signal-
ing, such as brown adipose tissue (Broeders et al., 2015). Overall,
this study showed that PXR and CAR activation altered the gut
microbiome composition. Lack of gut microbiota potentiated an
increase in total, primary, conjugated, and 6-OH BAs in SIC and
liver following TCPOBOP exposure; in CV mice, PCN exposure
decreased secondary BAs in liver and SIC, whereas TCPOBOP
only decreased secondary BAs in liver (summarized in
Figure 10). In addition, because the turnover rate for bile acids is
about 5% per day (Chiang, 2013), a new steady-state for bile acid
homeostasis following PXR or CAR activation was not achieved;
although the microbiome can change rapidly following a dietary
exposure (David et al., 2014), the lack of a new BA steady-state
will affect the gut microbiota composition, particularly bile acid
metabolizing bacteria. Therefore, the results should be inter-
preted as the effect of an acute exposure activating these nu-
clear receptors on BAs and gut microbiota. Expression of genes
in the alternative pathway of BA synthesis was decreased by
PCN and TCPOBOP exposure in CV and GF mice, whereas
Cyp7a1 mRNA was increased in GF mice by TCPOBOP. Future
studies should focus on the metabolic and mechanistic effects
of BAs modulated by PXR and CAR activation to identify new
therapeutic methods to treat metabolic diseases.
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