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ABSTRACT 

Understanding the Physiological Functions of the Host Xenobiotic-sensing Nuclear Receptors 

PXR and CAR on the Gut Microbiome using Genetically-modified Mice  

Mallory Little 

Chair of the Supervisory Committee: 

Dr. Julia Yue Cui 

Department of Environmental & Occupational Health Sciences 

The pregnane X receptor (PXR) and constitutive androstane receptor (CAR) are important 

xenobiotic-sensing nuclear receptors, and their genetic polymorphisms are known to alter the 

pharmacokinetics of various xenobiotics.  The gut microbiome is increasingly recognized as a 

critical modifier of host xenobiotic biotransformation, and microbial metabolites such as 

lithocholic acid and indole-3-propionic acid are known endogenous PXR activators.  We have 

previously demonstrated that the gut microbiome is necessary for maintaining the constitutive 

expression of certain PXR- and CAR-target genes, and pharmacological activation of PXR and 

CAR produces gut dysbiosis and reduces secondary bile acids.  However, little is known 

regarding to what extent PXR and CAR under basal conditions influence the gut microbiome.  

To fill this knowledge gap, we examined the gut microbiome compositions under three different 

settings: 1) two mouse strains that express different basal levels of PXR and CAR (C57BL/6J 

that expresses lower PXR and CAR vs FVB/NJ that expresses higher PXR and CAR); 2) wild 

type (WT), PXR-null, CAR-null, and PXR-CAR-double null mice; and 3) mice that carry either 

mouse (m) or human (h) PXR genes.  24h fecal samples were collected from these mice at 



adolescent (30-day-old) and adult (60-day-old) ages of both genders.  16S rDNA sequencing 

was performed by amplifying the hypervariable V4 region (n=5 per group).  Compared to 

C57BL/6J mice, FVB/NJ mice had higher richness in gut microbiome in both ages and genders, 

and had higher percentages of certain pro-inflammatory bacteria.  This correlated with higher 

pro-inflammatory cytokines in feces of FVB/NJ mice (cytokine array).   The absence of PXR or 

CAR markedly increased the richness of gut microbiome, and the absence of both receptors 

had the highest richness of gut microbiome of both ages and genders. Most notably, the PXR-

CAR-double null mice had higher percentages of the Lactobacillus genus, which is known to 

carry bile salt hydrolase (BSH) activities, and this corresponded to a decrease in most taurine 

conjugated bile acids (BAs) in feces (LC-MS).  PXR-CAR-double null mice also had higher 

acetic acid in feces of adolescent males, and C10 in feces of adult males (GC-MS). Compared 

to WT mice that carry mPXR, hPXR-transgenic (TG) mice had higher Prevotella genus. In 

addition, there was an apparent increase in several unconjugated 12-OH BAs as well as 

ursodeoxycholic acid (UDCA), but an apparent decrease in several 6-OH BAs, in feces of 

hPXR-TG mice. hPXR-TG mice also had higher propionic acid in males, as well as lower 2-

methylbutyric acid in both genders. In conclusion, the present study is among the first to show 

that the host genotypes of the major xenobiotic-sensing nuclear receptors PXR and CAR 

profoundly influence the composition and metabolites of the gut microbiome, and the basal 

levels of PXR and CAR may act through gut microbiome to modulate host diseases such as  

inflammation and metabolic syndrome.  

 

 

 

 

 



 

 

 

 

 

 

 

 

INTRODUCTION 

The gut microbiome is a community comprised of bacteria, archaea, viruses, protozoa, and 

fungi in the human gastrointestinal system. Current estimates place the bacteria to human cell 

ratio (B/H) at 1.3 (Sender et al., 2016).  The composition of the gut microbiome varies greatly 

among individuals and is affected by factors such as host genetics, diet, age, exercise, 

medication, disease status, birth process, stress, and location in the world (Cresci and Bawden, 

2015; Luca et al., 2018).  The composition of the gut microbiome also varies within an individual 

according to location along the gastrointestinal tract, correlating with pH (Seekatz et al., 2019).   

The gut microbiome has a variety of effects on host metabolism.  Regarding intermediary 

metabolism, the gut microbiome aids in digestion by fermenting carbohydrates to produce short-

chain fatty acids (SCFAs) such as acetate, butyrate, and propionate.  SCFAs are used as 

energy sources for colonocytes and protect against colitis by regulating regulatory T (Treg) cells 

as well as through other anti-inflammatory functions (Smith et al., 2013).  The gut microbiome 

also modulates glucose homeostasis; for example, Akkermansia (A.) muciniphila is associated 



with restoring insulin sensitivity in high-fat diet fed animals by increasing glucagon like peptide 1 

(GLP-1), an intestinal incretin (Martinez et al., 2016).  Intestinal bacteria can deconjugate and 

reduce host-derived primary bile acids (BAs) into secondary BAs via the microbial enzymes bile 

salt hydrolase and bile acid 7α-dehydroxylase (Ridlon et al., 2014).  Certain secondary BAs are 

more potent activators of the host Takeda G-protein-coupled receptor 5 (TGR5) than primary 

BAs, and this can promote thermogenesis and energy expenditure of the host (Watanabe et al., 

2006).  At exceedingly high concentrations, secondary BAs are considered more toxic than 

primary BAs, and are implicated in cholestatic liver injury, inflammation, and cancer (Li and 

Apte, 2015).  

Regarding xenobiotic metabolism, the gut microbiome can utilize their enzymes to directly 

biotransform chemicals.  For example, Eggerthella lenta contains cardiac glycoside operons 

(Cprs) that inactivate the cardiac glycoside digoxin (Lindenbaum et al., 1981).  Another example 

is that co-administration of the antibiotic rifaximin with non-steroidal anti-inflammatory drugs 

(NSAIDs) ameliorates bacteria-induced enteropathy (Scarpignato et al., 2017). The gut 

microbiome can also modulate host xenobiotic metabolism through indirect mechanisms.  For 

example, the absence of gut microbiota in mice alters the expression of xenobiotic-processing 

genes, such as those for cytochrome P450 enzymes and other phase I oxidases(Fu et al., 

2017). The absence of gut microbiota in mice alters the host metabolism of polybrominated 

diphenyl ethers (PBDEs), resulting in different levels of PBDE metabolites compared to 

conventional mice, and modulates the PBDE-mediated differential regulation of xenobiotic-

processing genes (Li et al., 2017a).  Therefore, a personalized treatment regimen is sometimes 

necessary depending on gut microbial composition.   

 The pregnane X receptor (PXR) and constitutive androstane receptor (CAR) are two 

major xenobiotic-sensing nuclear receptors of the host, and they are highly expressed in liver 

and intestine.  Upon ligand activation, PXR and CAR up-regulate certain drug-metabolizing 



enzymes and efflux transporters as a compensatory mechanism against xenobiotic insult 

(Aleksunes and Klaassen, 2012; Oladimeji and Chen, 2018).  PXR and CAR share many target 

genes such as the drug-metabolizing enzyme CYP3A4 in humans (Banerjee et al., 2015). 

However, there are known differences between PXR and CAR.  For example, CAR is 

constitutively active and so it activates target genes even in the absence of an exogenous 

ligand, distinguishing itself from PXR (Oladimeji and Chen, 2018).  For example, CAR is 

indirectly activated by the central nervous system depressant phenobarbital due to an epidermal 

growth factor-mediated mechanism leading to its activation via dephosphorylation (Mutoh et al., 

2013).   

 PXR and CAR are known as promiscuous nuclear receptors because a wide variety of 

ligands can attach to their ligand-binding domains and induce gene transcription (Watkins et al., 

2001).  For pharmaceuticals, for example, PXR and CAR are both activated by the antifungal 

voriconazole and coordinate in its metabolism (Ohbuchi et al., 2013).  PXR and CAR are also 

activated by environmental chemicals such as specific congeners of the PBDE flame retardants 

and non-coplanar polychlorinated biphenyls (PCBs) (Li et al., 2018; Pencikova et al., 2018).  In 

addition to environmental chemicals and pharmaceuticals, PXR and CAR can be activated by 

endogenous ligands such as steroids and BAs (Zhou and Hylemon, 2014).  PXR and CAR are 

also activated by a number of herbal remedies, and are involved in drug-drug and drug-food 

interactions as well as human diseases such as inflammatory bowel disease (IBD) and 

cholestasis (Xu et al., 2016).  A wide variety of bacterial metabolites in the colonic lumen 

activate PXR and CAR, such as the tryptophan metabolite indole-3-propionic acid (IPA) and the 

secondary BAs deoxycholic acid (DCA) and lithocholic acid (LCA) (Bhutia et al., 2017). It is 

theorized that these metabolites are able to bind to these nuclear receptors (Sivaprakasam et 

al., 2017).  In livers of germ-free mice (GF), the prototypical PXR-target genes Cyp3a11 and 

Cyp3a44 were down-regulated compared to mice with normal intestinal microbiota (CV).  This 



purportedly occurs because of decreased PXR-activation due to decreased microbial metabolite 

PXR ligands, however, this same study reports an increase in the mRNA of all transcription 

factors in livers of GF mice (Selwyn et al., 2015).  This relationship has been explored in 

another paper where specific-pathogen free (SPF) mice had higher cytochrome P450 isozyme 

expression with accompanying higher PXR and CAR expression than GF mice, due to 

increased LCA (Toda et al., 2009).  Therefore, the presence of the gut microbiome affects the 

expression of PXR- and CAR-target genes as well as the receptors themselves, as well as the 

activity of PXR and CAR through modulating their activators.   

PXR and CAR are important for human diseases in addition to their well-established 

adverse effects due to drug-drug interactions.  For example, PXR has been shown to play an 

anti-inflammatory role in the prevention of IBD by inhibiting the NF-κB transcription factor (Shah 

et al., 2007) as well as NF-κB targeted pro-inflammatory response genes (Xu et al., 2016). The 

activation of PXR via the microbial metabolite IPA, which is produced from Clostridium 

sporogenes, decreases intestinal permeability and maintains the gut barrier functions (Zhou and 

Hylemon, 2014). PXR activation also inhibits inflammation through inhibiting the toll-like receptor 

4 (TLR4) pathway, thus preventing the overproduction of cytokines.  This is supported by the 

observation that PXR-null mice are more susceptible to Listeria monocytogenes infection (Qiu et 

al., 2016).  PXR inhibits the TLR4 pathway by decreasing the stability of TLR4 mRNA and may 

also repress TLR4 gene transcription (Ranhotra et al., 2016).  This TLR4 upregulation due to 

PXR deficiency can also cause a leaky gut physiology (Venkatesh et al., 2014), which can be 

resolved by PXR activation via microbial metabolites as previously described (Ma et al., 2018).  

At the transcriptional level, it has been suggested that the anti-inflammatory SCFA butyrate 

increases the transcription of PXR (Ranhotra et al., 2016). Additionally, PXR has been 

recognized for its role in energy homeostasis and glucose metabolism and is correlated with 

obesity (He et al., 2013).  Interestingly, CAR is negatively correlated with obesity, and has been 



shown to improve insulin sensitivity (Gao et al., 2009).  Activation of CAR by environmental 

chemicals has been shown to cause health effects such as rodent liver tumor formation, non-

alcoholic fatty liver disease, as well as drug-interactions due to the up-regulation of cyp3a 

enzymes (Ihunnah et al., 2011; Ranhotra et al., 2016).   Polymorphisms can affect the function 

of PXR and CAR as well; for example, a single-nucleotide polymorphism (SNP) in PXR 

decreases risk for anti-tuberculosis drug-induced hepatotoxicity (Wang et al., 2019).   

Species differences in PXR and CAR genetic sequences have also been shown to affect 

function due to substitutions at ligand-contacting residues (Kublbeck et al., 2016). The most 

characterized example of this is the mouse-specific PXR-agonist PCN, and the human-specific 

PXR-agonist rifampicin (LeCluyse, 2001), as well as the mouse-specific CAR-agonist 

TCPOBOP, and the human-specific CAR-agonist CITCO (Zhang et al., 2013; Park et al., 2016; 

de Boussac et al., 2018). Activation of CAR leads to tumor formation in liver of mice but not in 

humans(Elcombe et al., 2014).  However, species-selective PXR activators do produce liver 

enlargement and accelerate regeneration in both wild type (WT) and humanized PXR 

transgenic (hPXR-TG) mice, as mediated by induced nuclear translocation of yes-

associated protein (YAP) (Jiang et al., 2019).  

Pharmacological and toxicological exposures can affect the composition of the gut 

microbiome.  Treatment with the NSAID indomethacin caused an increase in bacteria in the 

S24-7 family compared to co-treatment with the microbial metabolite indole, which caused an 

increase in members of the Clostridiales order instead.  Notably, co-treatment with indole 

reduced inflammation and intestinal mucosal damage (Whitfield-Cargile et al., 2016), possibly 

through a PXR-mediated mechanism.  Indeed, IPA activates PXR, leading to the down-

regulation of the TLR pathway and pro-inflammatory tumor necrosis factor α (TNFα) (Venkatesh 

et al., 2014). In another study, mice treated with statins resulted in weight gain, increased 

members of the S24-7 family, up-regulation of PXR-target genes, reduced butyrate, and 



increased DCA (Caparros-Martin et al., 2017).  After repeating this experiment in PXR-null mice, 

it was determined that these effects of statins were PXR-dependent.  In mice, pharmacological 

activation of PXR and CAR by their prototypical ligands PCN and TCPOBOP affects the 

composition of the gut microbiome by down-regulating certain BA-metabolizing bacteria in the 

intestine(Dempsey et al., 2019).  In another study, mice orally-gavaged with PBDEs, which are 

PXR and CAR activators, had increased A. muciniphila and 

Erysipelotrichaceae Allobaculum spp., as well as unconjugated secondary BAs (Li et al., 2018).  

In another study, mice dosed with polychlorinated biphenyls (PCBs), which can also activate 

PXR and CAR, had increased A. muciniphila, Clostridium scindens, Enterococcus sp., and 

Prevotella sp. as well as serum BAs (Cheng et al., 2018).  In summary, pharmacological and 

toxicological activation of PXR and CAR can alter the composition of the gut microbiome and 

the production of distinct microbial metabolites. 

While a wealth of literature has demonstrated evidence that the gut microbiome affects PXR 

and CAR through microbial metabolites, and that pharmacological and toxicological PXR 

activation affects the composition of the gut microbiome, no studies have been conducted 

examining the physiological functions PXR and CAR on the gut microbiome.  Therefore, this 

study aims to characterize this potential relationship.  

MATERIALS AND METHODS 

Chemicals and reagents. E.Z.N.A.® Genomic DNA Isolation Kits were purchased from Omega 

Bio-Tek (Norcross, GA).  The following deuterated internal standards (IS) were used: d4-DCA 

(CDN Isotopes; CAS No: 112076-61-6), d4-GCA (CDN Isotopes; CAS No: 1201918-15-1), d4-

CDCA (CDN Isotopes; CAS No: 99102-69-9), d4-CA (TRC, Canada; Cat no #: C432603), d4-

GCDCA (Iso Sciences, CAS No: 1201918-16-2), lithocholic acid-2,2,4,4-D4 (LCA-D4) 

(PubChem CID of LCA: 9903, Steraloids).   19 major BAs were quantified, namely taurine-

conjugated cholic acid (T-CA), T-α  muricholic acid (T-αMCA), T-βMCA, T-ωMCA, T-



chenodeoxycholic acid (T-CDCA), T-ursodeoxycholic acid (T-UDCA), T-hyodeoxycholic acid (T-

HDCA), T-deoxycholic acid (T-DCA), T-lithocholic acid (T-LCA), αMCA, βMCA, CA, CDCA, 

UDCA, ωMCA, MDCA, HDCA, DCA, and LCA. CA, CDCA, DCA, and LCA were purchased 

from Sigma Aldrich (St. Louis, Missouri); αMCA, βMCA were purchased from Steraloids 

(Newport, Rhode Island). ωMCA and T-ωMCA was a kind gift from Dr. Daniel Raftery’s 

laboratory at University of Washington Northwest Metabolomics Research Center.  Other BAs 

were kindly obtained from University of Kansas Medical Center. Agilent ZORBAX Eclipse Plus 

C18 columns were purchased from Waters Corporation (Milford, Massachusetts). The samples 

were eluted using gradient mobile phases of A (10 mM ammonium acetate in 20% acetonitrile) 

and B (10 mM ammonium acetate in 80% acetonitrile). The UPLC/MS-MS operating parameters 

are shown in Supplemental Table 1.  All other chemicals and reagents, unless indicated 

otherwise, were purchased from Sigma-Aldrich (St. Louis, MO). 

Animals. C57BL/6J wild-type (WT) breeders were purchased from the Jackson Laboratory (Bar 

Harbor, ME) and then bred in-house (n=5, both genders).  PXR-null mice were generated and 

backcrossed into C57BL/6J background as described previously (Staudinger et al., 2001), and 

pups were obtained from in-house breeders (n=5 per group).  CAR-null mice in C57BL/6J 

background were generated by Tularik Inc. (South San Francisco, CA) as described 

previously(Ueda et al., 2002), obtained from University of Kansas Medical Center (Kansas City, 

KS), and pups were obtained from in-house breeders (n=5 per group).  PXR-CAR-null male and 

female mice in C57BL/6J background were generated by crossing PXR-null and CAR-null mice 

(n=5).  FVB/NJ WT male and female mice were purchased from the Jackson Laboratory (aged 

21 days upon arrival, n=5), and were acclimated for at least 9 days within the animal facilities 

prior to experiments.  Male and female humanized PXR (hPXR) breeders in the FVB/NJ 

background were a generous gift from Frank Gonzalez (National Cancer Institute, Bethesda, 

MD) and were bred in-house (n=5).  All mice were individually housed at weaning age (28 days 



old for C57BL/6J mice, due to the significantly small size of the CAR-null mice; and 21 days old 

for FVB/NJ mice) in the animal facility at the University of Washington according to the 

Association for Assessment and Accreditation of Laboratory Animal Care International 

guidelines (https://aaalac.org/resources/theguide.cfm).  All mice were exposed to laboratory 

autoclaved rodent diet (LabDiet #5010, LabDiet, St. Louis, MO), non-acidified autoclaved water, 

and autoclaved Enrich-N’Pure bedding (Andersons, Maumee, OH).  All studies were approved 

by the Institutional Animal Care and Use Committee at the University of Washington.  24-hour 

fecal samples were collected from mice at adolescent age (30-days of age) and adult age (60-

74 days of age).  

DNA isolation. Total DNA was isolated from frozen fecal samples using E.Z.N.A.® Genomic 

DNA Isolation Kits (Omega Bio-Tek, Norcross, GA) according to the manufacturer’s protocol, 

and the concentration was quantified using a Qubit fluorometer (Thermo Fisher Scientific, 

Waltham, MA).  The 16S rDNA sequencing was performed by Novogene Corporation 

(Sacramento, CA, 250bp paired-end, n=5 per group). 

BA quantification. Approximately 50 mg of fecal samples were homogenized in 1 mL of H2O. 

10 µl of IS was added to 200 µl of fecal sample homogenate, mixed, and equilibrated on ice for 

5-10 minutes. 1.5 ml of ice-cold alkaline acetonitrile (5% ammonia in acetonitrile) was added to 

the homogenate, which was then vortexed vigorously and shaken continuously for 1 hour at 

room temperature. The mixture was then centrifuged at 12,000 g for 15 minutes at 4 °C, and the 

supernatant was collected into 5 mL glass tubes. The pellet was resuspended in 750 uL of 

100% methanol, shaken for 20 minutes, and centrifuged at 15,000 g for 20 minutes. The two 

supernatants obtained were combined, evaporated under vacuum (45 °C) for 4 hours, and 

reconstituted in 100 µl of 50% methanol. The suspension was transferred into a 0.2 µm Costar 

Spin-X HPLC microcentrifuge filter (purchased from Corning Inc., Corning, NY), and centrifuged 

https://aaalac.org/resources/theguide.cfm


at 12,000 g for 10 minutes. 19 BAs were quantified using liquid chromatography–tandem mass 

spectrometry (LC-MS/MS).  

SCFA quantification. The SCFA extraction procedures were performed under 4 oC. Each fecal 

sample (20 mg) was mixed with 20 µL aqueous solution of NaOH (0.5 M), 20 µL internal 

standard solution (hexanoic acid-6,6,6-d3; 200 µM), and 460 µL MeOH in an Eppendorf tube 

(1.5 mL). After homogenization (2 min), 400 µL MeOH and 100 µL water were added into the 

tube. The pH value for the mixture was adjusted to 9. Then the sample was vortexed for 30 s, 

stored under -20 oC for 30 min, and sonicated in an ice bath for 10 min. After centrifuging 

(14,000 rpm, 10 min), 700 µL supernatant was collected into a new Eppendorf tube. The 

supernatant was then dried under 37 oC. 

The dried sample was derivatized with 40 µL methoxyamine hydrochloride solution in pyridine 

(20 mg/mL) under 60 oC for 90 min. Next, 40 µL N-tert-Butyldimethylsilyl-N-

methyltrifluoroacetamide (MTBSTFA) was added and incubated under 60 oC for 30 min. The 

sample was then vortexed for 30 s followed by centrifugation at 14,000 rpm for 10 min. Finally, 

70 µL supernatant was collected into a new glass vial for gas chromatography mass 

spectrometry (GC-MS) analysis. 

GC-MS analysis was performed using an Agilent 7820A GC-5977B MS system (Agilent 

Technologies, Santa Clara, CA). Metabolites were separated using an HP-5ms capillary column 

coated with 5% phenyl-95% methylpolysiloxane (30 m × 250 µm i.d., 0.25 µm film thickness, 

Agilent J&W Scientific, Folsom, CA). 1 µL of each sample was injected. The solvent delay time 

was set to 4.5 min. The initial oven temperature was held at 60 oC for 1 min, ramped to 325 oC 

at a rate of 10 oC/min, and finally held at 325 oC for 10 min.  Helium was used as the carrier gas 

at a constant flow rate of 20 mL/min through the column.  The temperature of the front inlet, 

transfer line, and electron impact (EI) ion source was set at 250 oC, 290 oC, and 230 oC, 



respectively. The EI energy was 70 eV, and the mass spectral data were collected in a full scan 

mode (m/z 30-600). 

Cytokine quantification. Approximately 20 mg of fecal samples from WT C57BL/6J and WT 

FVB/NJ mice (adolescent and adult ages, males and females, n=5 per group) were mixed with 

PBS (pH = 7.2 supplemented with 1 mM PMSF [final concentration] and 1X protease inhibitor 

cocktail [Sigma-Aldrich, catalog number: P8340]) to a final concentration of 100 mg/ml, and 

were homogenized and centrifuged at 10,000 g at 4 °C for 15 min.  The supernatant was 

collected and diluted 1:1 in the PBS solution described above, and the cytokines were quantified 

using the Mouse Cytokine Array Pro-inflammatory Focused 10-plex (MDF10) (Eve Technologies 

Corp., Calgary, Alberta) per manufacturer’s instructions.  The 10 cytokines that were determined 

include: granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon gamma (IFNy), 

interleukin 1 beta (IL-1β), interleukin 2 (IL-2), interleukin 4 (IL-4), interleukin 6 (IL-6), interleukin 

10 (IL-10), interleukin 12 (IL-12p70), monocyte chemoattractant protein-1 (MCP-1), and tumor 

necrosis factor (TNF-α).  The ten cytokines were simultaneously quantified in a multiplex panel 

using a MILLIPLEX Mouse Cytokine/Chemokine 10-plex kit (Millipore, St. Charles, MO, USA) 

according to the manufacturer's protocol, and was performed using the Luminex™ 100 system 

(Luminex, Austin, TX, USA).  The assay sensitivities of these markers range from 0.4 – 10.9 

pg/mL for the 10-plex.  Individual analyte values are available in the MILLIPLEX protocol. 

Data analysis. Analysis of FASTQ files was conducted using various python scripts in 

Quantitative Insights Into Microbial Ecology (QIIME) (Caporaso et al., 2010), including de-

multiplexing, quality filtering, operational taxonomy unit (OTU) picking, as well as alpha- and 

beta-diversity determinations.  Metagenome functional content was predicted using Phylogenetic 

Investigation of Communities by Reconstruction of Observed States (PICRUSt) (Langille et al., 

2013).  Line plots representing the alpha diversity of each group were generated using ggplot2 

(v 3.0.0) in R.  Three-dimensional Principle Coordinate Analysis (PCoA) plots (beta diversity) 



were generated using the weighted UniFrac diversity metric in Emperor (Gigascience).  OTUs 

were visualized using stacked bar plots generated in SigmaPlot (Systat Software, Inc).  

Hierarchical clustering dendrograms (Ward’s minimum variance method, distance scale) of the 

top significantly abundant taxa (abundance > 0.005% p < 0.05) were generated using gplots (v 

3.0.1) and RColorBrewer (v 1.1-2) in R. Bar plots representing cytokine concentration, BA 

concentration, and SCFA concentration were generated using ggplot2 (v 3.0.0) in R. Correlation 

matrices representing SCFA and taxa associations were generated using reshape2 (v 1.4.3) 

and ggplot2 (v 3.0.0) in R. 

Asterisks (*) represent significant differences between C57BL/6J and FVB/NJ mice, WT 

and nuclear receptor-gene-null mice (p < 0.05), and WT and hPXR-TG mice.  Statistically 

significant differences between WT FVB/NJ and C57BL/6J mice, as well as between WT 

FVB/NJ and hPXR-TG mice were determined using the student’s t-test in Microsoft Excel.  

Statistically significant differences among WT, PXR-null, CAR-null, and PXR-CAR-null mice (all 

in C57BL/6J background) were determined using one-way ANOVA followed by Duncan’s post-

hoc test in R using the DescTools package (v 0.99.26), or SPSS (IBM SPSS Statistics).   

RESULTS 

The overall experimental design is shown in Figure 1.  Three experimental settings were 

designed to model the effect of host genetics on gut microbiome.  In Study 1, two commonly 

used laboratory mouse strains with known genetic variations(Wong et al., 2012), namely the 

C57BL/6J and FVB/NJ mice,  were selected to determine how general differences in host 

genetics regulate the composition and function of the gut microbiome.  To note, it has been 

reported that FVB mice had higher hepatic expression of PXR and CAR than C57BL/6J 

mice(Bradford et al., 2011) (Supplemental Figure 1).  In Study 2, we focused on the major 

xenobiotic sensing nuclear receptors PXR and CAR, and examined the necessity of these host 



receptors on the basal regulation of gut microbiome, using PXR-null, CAR-null, and PXR-CAR-

double null mice (all in C57BL/6J background).   In Study 3, we compared the gut microbiomes 

between the mice that carry mPXR vs. the mice that hPXR (both in FVB background), to 

determine how species-differences of this host drug receptor modulate the gut microbiome.  

Study I. Unveiling the effect of host genetics on gut microbiome using two mouse strains 

(C57BL/6J and FVB/NJ) 

Figure 2 shows the alpha diversity (chao1 index), which quantifies the richness of taxa 

(Figure 2A), as well as the beta diversity, which quantifies the differences in microbiome among 

different groups (Figure 2B), in male and female C57BL/6J and FVB/NJ mice at adolescent and 

adult ages.  FVB/NJ mice had higher microbial richness compared to their C57BL/6J 

counterparts in both developmental ages and genders (Figure 2A).  Principle coordinates of 

analysis (PCoA) of the weighted UniFrac measurements showed distinct separations between 

the microbiomes of FVB/NJ and C57BL/6J mouse strains at both ages and genders (Figure 2B).  

 Figure 3 shows the compositional changes of the top 15 taxa at the species level as 

determined by percentage of operational taxonomic units (OTUs).  In all groups, the 

predominant phyla were Bacteroidetes, Firmicutes, Tenericutes, and Verrucomicrobia. 

Interestingly, Prevotellaceae Prevotella sp. had lower relative abundance in FVB/NJ mice as 

compared to C57BL/6J mice in both ages and genders, while Paraprevotellaceae Prevotella sp. 

was higher in FVB/NJ mice than in C57BL/6J mice at both ages and genders, except for 

adolescent females.  A member of the Anaeroplasma genus had higher relative abundance in 

FVB/NJ mice compared to C57BL/6J mice in all groups except for adult males.  Additionally, 

adolescent male FVB/NJ mice had lower relative abundance of Ruminococcus gnavus and a 

member of the Oscillospira genus.  The Turicibacter genus was higher in both FVB/NJ 

adolescent males and females as compared to their C57BL/6J counterparts. A. muciniphila had 

higher abundance in adolescent female and adult male FVB/NJ mice than C57BL/6J, with a 



tendency in this direction in the other groups as well.  The family S24-7 was lower in both 

FVB/NJ adult gender groups, with a similar trend in the adolescent groups observed.  The family 

Rikenellaceae exhibited higher abundance in adult male FVB/NJ mice than C57BL/6J mice. 

Allobaculum sp. had lower relative abundance in adult female FVB/NJ mice, while bacteria in 

the genus Lactobacillus had higher relative abundance in adult female FVB/NJ mice compared 

to C57BL/6J mice.  

As shown in Supplemental Figure 2, a total of 72 taxa were different between C57BL/6J 

and FVB/NJ mice. 5 of these taxa, namely Paraprevotellaceae Prevotella sp., Anaeroplasma 

sp., a member of the RF32 order, Acinetobacter sp., and Eubacterium dolichum were higher in 

relative abundance in FVB/NJ mice in both ages and genders compared to C57BL/6J mice; 

whereas 4 taxa, namely Enterococcus sp., Prevotellaceae Prevotella sp., Lactococcus sp., and 

Carnobacterium sp. were lower decreased in relative abundance in all groups of FVB/NJ mice 

compared to C57BL/6J mice.   

In summary, profound basal differences in gut microbiome composition were observed 

between FVB/NJ and C57BL/6J mouse strains. 

As shown in Supplemental Figure 3, to predict the metagenomic functional content of the 

gut microbiome in FVB/NJ and C57BL/6J mice, Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States (PICRUSt) was performed (Langille et al., 2013) based on 

on the QIIME output.  Interestingly, between the two mouse strains, males exhibited much more 

predicted functional changes than females at both ages.  Pathways enriched were classified into 

5 main groups, namely cellular processes, environmental information processing, genetic 

information processing, metabolism, and organismal systems.  Within cellular processes, 7 were 

enriched in adolescent male mice, 10 were enriched in adult male mice, and 1 was enriched in 

adolescent female mice.  For environmental information processing, adolescent males had 5 

pathways enriched, adult males had 8 pathways enriched, adolescent females had 2 pathways 



enriched, and adult females had no enriched pathways. Concerning genetic information 

processing, adolescent males had 26 pathways enriched, adult males had 29 pathways 

enriched, 2 pathways were enriched in adolescent females, and no enriched pathways in adult 

females. Metabolism was the largest category for all groups, with 78 pathways enriched in 

adolescent males, 104 pathways enriched in adult males, 4 pathways enriched in adolescent 

females, and 6 enriched in adult females. The last category, organismal systems, had 7 

pathways enriched in adolescent males, 5 pathways enriched in adult males, and 1 pathway 

enriched in each female age group. As shown through the hierarchical clustering dendrograms 

in Supplemental Figure 3, there was variation between individual mice, but overall, pathways 

were decreased in C57BL/6J mice and increased in FVB/NJ mice. 

As shown in Figure 4, Lactococcus was specifically colonized in C57BL/6J mice but not 

in FVB/NJ mice, and a species in this genus is known to have anti-inflammatory effect (Luerce 

et al., 2014).  Conversely, the pro-inflammatory Acinetobacter (Jun et al., 2013; Kikuchi-Ueda et 

al., 2017), and E. dolichum, which is enriched in western diet (Turnbaugh et al., 2009), were 

specifically colonized in FVB/NJ mice but not in C57BL/6J mice.  Therefore, we hypothesized 

that the basal differences in the gut microbiome of the two mouse strains makes FVB/NJ mice 

more prone to pro-inflammatory under basal conditions.   To assess how strain differences 

affect inflammation, cytokines were quantified from C57BL/6J and FVB/NJ mice (Figure 5). 

Overall, pro-inflammatory cytokines were higher in feces of FVB/NJ mice. In particular, MCP-1 

had the greatest difference in concentration in all 4 groups, followed by IL-12, and IL-6. TNFα 

was higher only in FVB/NJ mice only in adult females (Supplemental Figure 4).  To note, the 

anti-inflammatory cytokine IL-10, which is known to increase during inflammation to suppress IL-

12 (Rahim et al., 2005), was also higher in FVB/NJ than C57BL/6J mice in males and adult 

females, indicating a compensatory response.  



In summary, these results demonstrate that C57BL/6J and FVB/NJ mice have different 

gut microbiome compositions that are modified by age and gender.  Most notably, the basal 

differences in gut microbiome may at least partially contribute to higher susceptibility to 

inflammatory response in FVB/NJ than C57BL/6J mice.  

Study II. Understanding the necessity of host nuclear receptors PXR and CAR on the 

constitutive regulation of the gut microbiome  

To determine the necessity of host nuclear receptors on the composition and function of 

the gut microbiome, 16S rDNA sequencing was conducted on feces collected over a 24-hour 

period of adolescent and adult aged WT, PXR-null, CAR-null, and PXR-CAR-double null male 

and female mice (all in C57BL/6J background, n=5 per group).  As shown in Figure 6A, 

regarding alpha diversity PXR and CAR single or double knockout mice tended to have greater 

richness than WT controls in all groups, and this trend was especially prominent for PXR-CAR 

double null mice.  The only exception was that in adult males, CAR-null mice had the greatest 

richness as compared to the other genotypes.  As shown in Figure 6B, regarding the beta 

diversity, all 4 genotypes of mice (WT, PXR-null, CAR-null, and PXR-CAR-double null) exhibited 

distinct separations among their microbial communities at both ages and genders.  This 

indicates that PXR and CAR are important and unique modulators of the gut microbiome.   

Figure 7 shows the microbial compositional changes at the species level of the top 15 most 

abundant bacteria as quantified by percentage of OTUs for the four genotypes of mice (note: 

the 15th category includes all other taxa summed together).  In all exposure groups, the 

predominant phyla were Bacteroidetes, Firmicutes, and Proteobacteria.  The family S24-7 was 

lower in all PXR-null and PXR-CAR-double null groups compared to WT feces, as well as in 

adult CAR-null males.  Bacteria in the Clostridiales order were also higher in PXR-null 

adolescent male and adult female feces, but lower in adolescent male CAR-null and PXR-CAR-

null feces. The Ruminococcaceae family was also higher in all PXR-null sample groups except 



for adolescent females, but this trend is still observed in this group.  Oscillospira sp. was higher 

in abundance in adolescent male and adult female PXR-null mice, with this trend seen in the 

other groups as well.  However, the Oscillospira genus had lower abundance in PXR-CAR-null 

samples from adolescent males and females, and in adolescent male CAR-null samples.  

Bacteria in the family Helicobacteraceae increased in relative abundance in PXR-null samples 

in all groups, as well as both male CAR-null age groups, and CAR-null adult female samples. 

Bacteroides sp. was higher in relative abundance in all PXR-null groups except for adolescent 

males, and also was higher in all CAR-null groups except for adult males. Bacteroides sp. was 

also higher in both female PXR-CAR-null age groups. A member of the Rikenellaceae family 

was lower in adolescent male CAR-null and both male and adult female PXR-CAR-null 

samples. A member of the Lachnospiraceae family was lower in CAR-null adolescent males but 

was higher in PXR-null adult males and females. Sutterella sp. was higher in CAR-null and 

PXR-CAR-null in all groups as well as in PXR-null adult males.  Lactobacillus sp. was higher in 

all PXR-CAR-null groups.  Allobaculum sp. was also higher in all PXR-CAR-null groups, except 

for adult females.  Prevotellaceae Prevotella spp. was lower in relative abundance in PXR-null 

adolescent females, adult male CAR-null samples, and adolescent female and both adult PXR-

CAR-null sample groups.  The species grouped into the other category increased in relative 

abundance in all PXR-CAR-null samples, as well as CAR-null adolescent females.  Individual 

variations contributing to these differences are displayed in heat map form in Supplemental 

Figure 5.  

In total, 63 taxa with were significantly different between WT and PXR-null, CAR-null, 

and/or PXR-CAR-null mice (Supplemental Figure 5).  Most notably, Anaerostipes sp. decreased 

in relative abundance in all nuclear receptor-deficient mice of both age and genders. A member 

of the S24-7 family also decreased in PXR-null and PXR-CAR-null mice of both ages and 

genders. 13 taxa increased in both ages and genders of at least one nuclear receptor-deficient 



genotype of mice, namely Lactobacillus sp., Adlercreutzia sp., Sutterella sp., a member of the 

Mogibacteriaceae family, Desulfovibrio sp., a member of the F16 family, a member of the AF12 

family, Bilophila sp., Odoribacter sp., a member of the Helicobacteraceae family, Bacillus other, 

Paraprevotellaceae Prevotella sp., and a member of the Desulfovibrionaceae family. 

To predict how the absence of host nuclear receptors affect the metagenomic functional 

content of the gut microbiome, PICRUSt was performed, and pathways were categorized using 

the KEGG system as described in the strain differences section (Supplemental Figure 6).  

Adolescent and adult females exhibited markedly more functional content predictions than their 

male counterparts. In both female ages, absence of PXR caused an increase in most pathways, 

with the converse being true for CAR-null samples. The PXR-CAR-null group appeared to 

respond to combinatorial effects of absence of PXR or CAR, as no change in the abundance of 

these pathways was seen for these females.  The opposite is true for the samples from male 

mice in that PXR-CAR-null in both ages, and CAR-null in adult males had a marked increase in 

pathways compared to PXR-null and WT samples. Therefore, gender and host nuclear receptor 

status have an effect on the function of the gut microbiome in mice. 

As shown in Figure 8, the most notable changes in gut microbiome composition include: 

1) the markedly higher abundance of Lactobacillus sp. in all PXR-CAR-null groups, and distinct 

species in the Lactobacillus genus are known to carry bile salt hydrolase (BSH) activity to 

perform BA deconjugation (Ridlon et al., 2016); 2) the markedly lower abundance of 

Anaerostipes, which is known to produce the SCFA butyrate (Kim et al., 2014; Riviere et al., 

2016; Baxter et al., 2019), in all 3 knockout mouse strains and especially in the PXR-CAR-

double null mice; as well as 3) the apparent higher abundance of Sutterella, which is known to 

be bile-resistant (Williams et al., 2012), in all 3 knockout mouse strains and especially in the 

CAR-null and PXR-CAR-double null mice.  Therefore, we hypothesized that the basal microbial-

derived BAs and SCFAs are different among the 4 genotypes of mice.   



Figures 9-12 show the BA profiles in WT, PXR-null, CAR-null, and PXR-CAR-double null mice 

at the two developmental ages and in both genders.  In general, major taurine conjugated BAs 

(T-BAs) were lower (or tended to be lower) in the 3 knockout mouse strains, including a 

reduction in the primary T-BAs (T-αMCA, T-βMCA, T-CA, and T-CDCA), as well as a reduction 

in the major secondary BAs (T-ωMCA and THDCA) in feces of adolescent males (Figure 9), a 

reduction in the primary T-BAs (T-aMCA, T-bMCA, T-CA, and T-CDCA) and the secondary T-

BAs (T-ωMCA, T-UDCA, T-HDCA) in feces of adult males (Figure 10), a reduction in the 

primary BAs (T-αMCA, T-βMCA, T-CA, and T-CDCA) and the secondary T-BAs (T-ωMCA and 

T-HDCA) in feces of adolescent females (Figure 11), as well as a reduction in the primary T-

BAs (T-αMCA and T-βMCA) and the secondary T-BAs (T-ωMCA, T-UDCA, T-HDCA) in feces of 

adult females (Figure 12).  Regarding unconjugated BAs, the secondary BA LCA was higher in 

adolescent male and female PXR-CAR-double null mice than the corresponding WT controls.  

In adolescent females, the primary BAs aMCA and bMCA were higher in PXR-null and PXR-

CAR-double null mice, and CA was higher in PXR-null mice.  The reduction in most T-BAs and 

increase in certain unconjugated BAs together suggest increased microbial BSH activities in the 

knockout strains and especially in the PXR-CAR-double null strain.  Conversely, in adult males 

and females, several primary and secondary unconjugated BAs were actually lower in knockout 

strains than their corresponding WT controls, indicating the presence of other regulatory 

mechanisms, including a potential reduction in biliary excretion of BAs due to lack of PXR and 

CAR, because these receptors are known to up-regulate certain bile acid efflux transporters of 

the host.   

 Levels of SCFAs and medium chain fatty acids were determined in the 4 genotypes of 

mice as shown in Supplemental Figure 7.  Although the butyrate-producing bacteria 

Anaerostipes was down-regulated in the 3 knockout strains, fecal butyrate levels remained 

unchanged (data not shown), suggesting the compensatory mechanisms by other bacteria that 



are present in these knockout mice.  Correlation matrices were generated to illustrate the 

relationship between bacterial species abundance and SCFA concentration in WT, PXR-null, 

CAR-null, and PXR-CAR-null mice.  Heptanoic acid decreased in CAR-null mice of both female 

ages as well as adult males, and was negatively correlated with Sutterella sp. in these groups 

as well. Acetic acid increased in relative concentration in adolescent male and adult female 

groups of nuclear-deficient mice, and also positively correlated with Sutterella sp., Lactobacillus 

sp., and a member of the Helicobacteraceae family in these mice. C 10 was increased in PXR-

CAR-null adult male mice, whereas 2-methylbutyric acid increased in PXR-null adolescent male 

mice. 

Study III. Comparison between mouse and human PXR in regulating the gut microbiome  

To compare the role of mouse and human PXR genes on the composition and function 

of the gut microbiome, 16S rDNA sequencing was conducted on feces collected over a 24-hour 

period of adolescent and adult aged FVB/NJ wild-type (WT) and humanized PXR transgenic 

(hPXR-TG) male and female mice (n=5 per group).  As shown in Figure 13A, adolescent male 

hPXR-TG mice had greater richness in their fecal microbial community (QIIME, alpha diversity, 

chao1 index).  However, there was no difference in the richness of the gut microbiome in other 

age or gender groups (data not shown).  As shown in Figure 13B, in all 4 comparisons, hPXR-

TG and WT mice exhibited distinct separations between their microbial communities as 

measured by beta diversity (weighted uniFrac).   

Figure 13 shows the top 15 species level compositional changes of the gut microbiome 

as quantified by % OTUs.  In all groups, the predominant phyla were Bacteroidetes, Firmicutes, 

Tenericutes, and Verrucomicrobia, plus Proteobacteria in both adult groups and adolescent 

males.  A member of the Clostridiales order as well as Anaeroplasma sp. were lower in 

abundance in adolescent male and female hPXR-TG samples, while Sutterella sp. was higher in 

both male age groups.  Paraprevotellaceae Prevotella sp. increased in relative abundance in 



adult male and both female age groups hPXR-TG samples whereas A. muciniphila was lower in 

hPXR-TG adult male and both female age groups.  The Lachnospiraceae family decreased in 

abundance in adolescent female hPXR-TG mice.  A member of the Ruminococcaceae family as 

well as a species in the genus Ruminococcus were both lower in adolescent hPXR-TG female 

samples.  Distinctive to adult female hPXR-TG mice, Bacteroides sp. increased in relative 

abundance and Turicibacter sp. decreased in abundance.  Lastly, the species grouped into 

other were higher in relative abundance in adolescent hPXR-TG males.  

In total, 27 taxa with an abundance above 0.00005 were significantly different between 

WT and hPXR-TG mice (Supplemental Figure 8).  Among those, only a member of the AF12 

genus was higher in hPXR-TG mice of both ages and genders, whereas Paraprevotellaceae 

Prevotella sp. were higher in all groups of hPXR-TG mice except for adolescent males 

Supplemental Figure 8 and Figure 15).  While no taxa consistently decreased in all groups of 

hPXR-TG mice compared to WT, a member of the RF39 order was lower in all hPXR-TG 

groups except for adolescent females, and A. muciniphila was lower in all hPXR-TG groups 

except for adolescent males (Supplemental Figure 8 and Figure 15).  Overall, it appears that 

species specificity of PXR (i.e. mPXR vs. hPXR) affects the composition of bacteria in the gut 

microbiome.  

As shown in Supplemental Figure 9, PICRUSt was used to predict the effect of host 

nuclear receptor genotype on the metagenomic functional content of the gut microbiome in 

mice.  Adult male hPXR-TG mice were the only group with altered functional pathways.  These 

21 pathways are: lysine degradation, styrene degradation, aminobenzoate degradation, sulfur 

metabolism, limonene and pinene degradation, atrazine degradation, biosynthesis of 

siderophore group nonribosomal peptides, biosynthesis of unsaturated fatty acids, arachidonic 

acid metabolism, retinol metabolism, chlorocyclohexane and chlorobenzene degradation, 

bacterial invasion of epithelial cells, proximal tubule bicarbonate reclamation, metabolism of 



cofactors and vitamins, ion channels, flavonoid biosynthesis, cytochrome P450-mediated 

xenobiotic metabolism, caprolactam degradation, tryptophan metabolism, and cell motility and 

secretion.  Notably, all of these pathways decreased in the adult male hPXR-TG mice, with 

some individual variation.  Therefore, species specificity of PXR (i.e. mPXR vs. hPXR) affects 

the predicted functional differences of the gut microbiome, in a gender- and age-specific 

manner. 

 As shown in Figure 16, BA profiles were different between WT and hPXR-TG mice.  

Specifically, the largest increase in relative concentration occurred with the secondary BA DCA 

in hPXR-TG adult male mice, and this trend was seen in the other groups as well.  The primary 

BA CA, which is the precursor of DCA, also tended to be higher in hPXR-TG mice at all 4 

comparisons.  Conversely, the major secondary BA T-ωMCA tended to be lower in hPXR-TG 

mice in all 4 comparisons, whereas its unconjugated form ωMCA also tended to be lower in 

female hPXR-TG mice.   Regarding other minor BAs in feces, HDCA was lower in both hPXR-

TG adult mice groups, with this trend observed in the adolescent mice, and UDCA was higher in 

adolescent male and adult female hPXR-TG mice, with this trend continuing in the other groups 

as well.   

 Regarding SCFAs, as shown in Supplemental Figure 10, 2-methylbutyric acid is the only 

SCFA consistently changed, and so it is decreased in all groups of hPXR-TG mice.  2-

methylbutyric acid positively correlates with A. muciniphila and negatively correlates with 

Paraprevotellaceae Prevotella sp. in all groups except for adolescent males.  Propionic acid 

increased in both male age groups of hPXR-TG mice, and positively correlated with Sutterella 

sp. Interestingly, butyric acid decreased in relative concentration in adult male hPXR-TG mice 

compared to WT, positively correlated with A. muciniphila, and negatively correlated with 

Sutterella sp. and Paraprevotellaceae Prevotella sp. 



 The weights of the adult mice were recorded as mass in grams (g), as shown in 

Supplemental Figure 11. Overall, female mice weighed less than male mice. PXR-null, CAR-

null, and PXR-CAR-null mice weighed similarly to WT C57BL/6J mice. However, hPXR-TG mice 

weighed less than WT FVB/NJ mice. 

 A graphical depiction of some notable results from this study are shown in Figure 17. 

DISCUSSION 

In conclusion, the present study has determined in 3 independent experimental settings 

that host genetics, and differences in the xenobiotic-sensing nuclear receptors PXR and CAR in 

particular, profoundly influence the composition and predicted functions of the gut microbiome, 

as well as the production of microbial metabolites (using BAs and SCFAs as examples).  

Specifically, differences in gut microbiome among individuals with genetic variations may at 

least partially contribute to the basal gut cytokine levels that may predispose certain individuals 

to GI inflammation.  The presence of the drug receptors PXR and CAR prevents the bloom of 

other types of bacteria that contribute to the richness of the gut microbiome, likely serving a 

protective mechanism against opportunistic bacteria that may be harmful to the host.  The 

absence of PXR and CAR also leads to an increase in the Lactobacillus genus, corresponding 

to reduced taurine-conjugated BAs.  Gender-specific differences were seen in functional 

predictions between mouse strains as well as between WT and nuclear receptor-deficient mice.  

Last but not least, species difference in PXR (mPXR vs. hPXR) also profoundly altered the gut 

microbiome, including higher Prevotella as well as lower A. muciniphila, both of which are 

hallmarks of inflammatory bowel disease (Png et al., 2010; Olbjorn et al., 2019), thus cautions 

need to be paid while using WT mouse models to study PXR and inflammation, as mPXR 

carriers may be more resistant to GI inflammation than hPXR carriers.  



Just as humans have inter-individual and inter-population genetic differences, strains of 

mice also differ genetically.  Multiple studies have explored the effects of a treatment on the gut 

microbiota of C57BL/6J and FVB/NJ mice, but to date none have examined the basal regulation 

of the gut microbiome in these mice. The first part of this study creates a model for how host 

genetic differences affect the composition and function of the gut microbiome using fecal 

samples as proxy from the two most widely used laboratory strains of mice. 

Higher microbial richness (alpha diversity, Chao1 index) was observed in FVB/NJ mice 

compared to C57BL/6J mice in both ages and genders (Figure 2A), and these strains of mice 

exhibited distinctly separated communities of microbiota in all groups as well (Figure 2B).  The 

largest difference in relative abundance of bacteria was the lower abundance of Prevotellaceae 

Prevotella sp. in FVB/NJ mice in all groups (Figure 3).  The lower levels of Prevotellaceae 

Prevotella sp. in FVB/NJ mice were accompanied by an increase in multiple other taxa, possibly 

explaining the differing alpha and beta diversities. These taxa were Paraprevotellaceae 

Prevotella sp., Anaeroplasma sp., a member of the RF32 order, Acinetobacter sp., and E. 

dolichum. Multiple taxa were observed in lower abundance in FVB/NJ mice compared to 

C57BL/6J mice as well, including Enterococcus sp., Lactococcus sp., and Carnobacterium sp. 

(Supplemental Figure 2). The differences in relative abundance of taxa between the strains has 

also resulted in a gender-specific effect in functional predictions (Supplemental Figure 3). 

Overall, males of both ages exhibited more functional prediction changes than female mice of 

both ages, possibly indicating that male mice are more susceptible to the functional changes 

resulting from differences in taxa between the two strains. 

The majority of the species changed between the two strains have been associated with 

inflammation. For example, Prevotellaceae Prevotella sp., which decreased in relative 

abundance in FVB/NJ mice, promotes mucosal inflammation by stimulating the Th17 immune 

response via epithelial cell production of IL-8, IL-6, and CCL20 (Larsen, 2017). Prevotellaceae 



Prevotella sp. has been further implicated in IBD through its ability to exacerbate DSS-induced 

colitis via activation of the inflammasome (Elinav et al., 2011). The genus Enterococcus, which 

also decreased in these mice, has been implicated in infection and increasing susceptibility to 

IBD (Golinska et al., 2013).  Carnobacterium sp., which is found in both extreme temperature 

and animal environments, potentially contains mucin-degrading abilities (Iskandar et al., 2017).  

The genus Lactococcus is well known for its anti-inflammatory capabilities, has been shown to 

ameliorate colitis, and also protects the liver from inflammation (Luerce et al., 2014; Jena et al., 

2017).  Several taxa were also higher in FVB/NJ mice.  Anaeroplasma sp., which potentially has 

anti-inflammatory function by inducing the anti-inflammatory cytokine TGF-β, has also been 

associated with existing in lower relative abundance in hypercholesterolemia subjects leading to 

an unfavorable lipid profile (Granado-Serrano et al., 2019).  The order RF32 has been 

correlated with damaged histopathology and colonic inflammation in mice with colitis (Castro-

Mejia et al., 2016).  Acinetobacter sp. has also been correlated with inflammation through the 

induced signaling of TLR2 and TLR4, which activate the immune response (Erridge et al., 

2007).  E. dolichum has been shown to produce propionate, which potentially contributes to the 

inflammatory disease relapsing polychondritis (RP) by continuously stimulating intestinal 

regulatory T (Treg) cells to produce IL-10, leading to hyporesponsiveness of the Treg cells to 

mitogen stimulation (Shimizu et al., 2018).  In addition to this, E. dolichum has been associated 

with Western diets, and frailty (Turnbaugh et al., 2008; Brown et al., 2012; Jackson et al., 2016; 

Pallister et al., 2017). 

Due to the inflammation-related bacterial changes, we decided to measure cytokine 

levels in these mice (Figure 5). Overall, cytokines increased in relative concentration and 

abundance in FVB/NJ mice. Interestingly, the largest increase was exhibited by MCP-1, which 

serves to regulate the migration and infiltration of monocytes, memory T lymphocytes, and 

natural killer (NK) cells to sites of inflammation, both within mice and humans (Deshmane et al., 



2009).  MCP-1 has also been implicated in the clearance of bacteria via increased expression of 

inducible nitric oxide synthase (Gomes et al., 2013).  IL-10, IL-12, and IL-6 increased in relative 

concentration in FVB/NJ mice as well.  The increase in the anti-inflammatory cytokine IL-10 is 

potentially due to the concomitant increase in IL-12, because it has been shown to be induced 

during inflammation to suppress IL-12 (Rahim et al., 2005), indicating a compensatory 

response.  Interestingly, the cytokines which increased in FVB/NJ mice are affiliated with a type-

1 immune response, with the exception of IL-4, which is implicated in the type-2 immune 

response in the pathogenesis of asthma (Dunican and Fahy, 2015).  The elevation of the type-1 

immune response accompanied by the aforementioned bacteria potentially indicates a response 

to inflammation within the FVB/NJ mice. Whether this type-1 response is caused by LPS from 

the bacteria or some other mechanism requires further testing. Considering this is an animal 

study, all variation in experimental parameters was restrained to the strains themselves, 

potentially indicating a genomic difference-mediated effect. FVB/NJ mice contain the G protein-

coupled receptor 84 (GPR84) deletion, which leads to accumulation of triglycerides and kidney 

fibrosis (Gagnon et al., 2018).  In fact, GPR84 mRNA expression is elevated during 

inflammation, and activation of this receptor led to lowered levels of IL-12, IL-6, and MCP-1 in a 

study by Gagnon et al, indicating a protective response by this receptor (Gagnon et al., 2018).  

This effect would explain the phenomenon observed in this study. 

These results will inform future research on the gut microbiome using these two mouse 

models. 

In study II, observations on microbial compositional and metabolite changes in nuclear 

receptor gene null mice have provided new insights into the necessity of these host xenobiotic-

sensing nuclear receptors on the regulation of gut microbiome under physiological conditions.  

Interestingly, the absence of PXR or CAR increased the richness of the gut microbiota, and the 

absence of both receptors further augmented this increase (Figure 6A). This indicates a 



potential bacteriostatic function of PXR and CAR.  The absence of these receptors has also 

resulted in a gender-specific effect in functional predictions (Supplemental Figure 6). Overall, 

females of both ages exhibited more functional prediction changes than male mice of both ages, 

possibly indicating that female mice are more susceptible to the functional changes resulting 

from differences in taxa between WT and nuclear receptor-deficient mice. The absence of these 

receptors also led to multiple taxa-level differences in abundance.  Especially, the markedly 

higher proportion of the Lactobacillus genus in the PXR-CAR-double null mice consistently 

correspond to a marked decrease in major T-BAs in feces.  While Lactobacillus is most known 

for its probiotic potential, many species and strains of the Lactobacillus genus have been 

reported to carry BSH activities that deconjugate the taurine and glycine molecules from BAs 

(De Smet et al., 1995; Kumar et al., 2006; Ridlon et al., 2006; Chae et al., 2013; Allain et al., 

2017; Allain et al., 2018; O'Flaherty et al., 2018; Foley et al., 2019).  In mice, the predominant 

effect is expected to be T-BA deconjugation, because taurine conjugation is a predominant 

pathway in mice over glycine conjugation.  We have previously demonstrated that 

pharmacological activation of PXR and CAR leads to decreased gene abundance of the BSH in 

intestinal content  (Dempsey et al., 2019).  Findings from the present study further support the 

inhibitory roles of PXR and CAR in the microbial BSH activities.  

Lactobacillus tended to be higher in PXR- and/or CAR-single null mice, although a 

statistical significance was not achieved (Figure 8), whereas the major T-BAs were significantly 

lower in single receptor gene null mice.  This indicates that other bacteria that remain to be 

characterized may also contribute to T-BA deconjugation in PXR- and CAR-null mice.  

Conjugated bile acids have been shown to activate the AKT pathway, which leads to glycogen 

synthesis (Chiang et al., 2013). Therefore, the absence of PXR and/or CAR, which resulted in 

lower relative levels of conjugated bile acids compared to WT mice, may lead to impaired 

glucose homeostasis, possibly increasing the risk for metabolic disease. 



Interestingly, although most abundant T-BAs were lower in the PXR-null, CAR-null, and 

PXR-CAR-double null mice,  the unconjugated BAs did not increase in feces, except for the 

adolescent females, where there was an apparent increase in unconjugated αMCA, βMCA in all 

3 null mouse genotypes, as well as an increase in CA in PXR-null mice, and these 3 

unconjugated BAs are all major primary BAs synthesized from liver.  Conversely, certain 

unconjugated secondary BAs were lower in the receptor gene-null mice, and this pattern was 

especially prominent in the adult age for all the 3 null genotypes.  This indicates that the 

absence of the host PXR and/or CAR receptor may negatively impact the microbial 

dehydroxylase activities, either through lowering the bacteria that carry the dehydroxylase 

genes, or through inhibiting the enzyme activities, through altering the intestinal environment 

through mechanisms that remain to be characterized.  

The last part of this study examined the species differences of PXR on the gut 

microbiome, by comparing humanized-PXR-transgenic (hPXR-TG) mice and WT mice with 

murine PXR, both within the FVB/NJ background. Even though murine PXR and human PXR 

share roughly 82% DNA and 77% protein identity, differences in gut microbiome composition 

were observed between the two mouse genotypes (NCBI HomoloGene).  

While higher microbial richness (alpha diversity, Chao1 index) was only observed in 

adolescent male hPXR-TG mice compared to WT, fecal microbial communities were strikingly 

separated (beta diversity) between the PXR species types in both ages and genders (Figure 

13B). While Paraprevotellaceae Prevotella sp. was responsible for the largest increase in 

relative abundance in hPXR-TG mice compared to WT, multiple other taxa increased as well, 

including AF12 sp. (Figure 14 & Supplemental Figure 8). Interestingly, a member of the 

Christensenellaceae family and Desulfovibrio sp. increased in relative abundance only in 

adolescent hPXR-TG mice of both genders, and Parabacteroides sp., a member of the 

Bacteroidales order, and a member of the YS2 order increased only in adult hPXR-TG mice of 



both genders, possibly showing an age-mediated species effect of PXR on gut microbiota. Taxa 

decreased in hPXR-TG mice as well, most notably including a member of the RF39 order (class 

Mollicutes) and A. muciniphila. An age effect persisted as well in that a member of the 

Clostridiales order and Anaeroplasma sp. decreased solely in adolescent hPXR-TG mice 

(Supplemental Figure 8). 

The large increase in Paraprevotellaceae Prevotella sp. in hPXR-TG mice may partially 

explain the differences in beta diversity observed between the two PXR species differences. 

Bacteria in this family have been associated with traditional societies’ microbiota, with multiple 

studies finding a correlation between Paraprevotellaceae abundance and carbohydrate-heavy 

diets (Wu et al., 2011; Acharya et al., 2017; Li et al., 2017b). Interestingly, male hPXR-TG mice 

of both ages exhibited an increase in relative concentration of propionic acid compared to WT 

mice, which is a conjugate form of the SCFA propionate (Supplemental Figure 10). A study by 

Yun et al. found that Paraprevotellaceae contributes to propionate formation in a Korean cohort, 

and this effect is mirrored in another study by Li et al, where an increase in Paraprevotellaceae 

is correlated with increase in propionate, acetate, and butyrate in silk deer fed oak leaves (Li et 

al., 2015; Yun et al., 2017). Therefore, the observed increase in propionate in male hPXR-TG 

mice raises the possibility that this is related to the increased relative abundance of 

Paraprevotellacea Prevotella sp. 

A member of the AF12 genus also increased in relative abundance in all groups of 

hPXR-TG mice. AF12 sp. is an under-characterized microbe, with some literature finding a 

correlation between higher abundance and lower body weight, although some evidence is 

conflicting (Garcia-Mazcorro et al., 2016; Alteber et al., 2018; Chen et al., 2018; Lai et al., 

2018).  Interestingly, hPXR-TG mice were lower in body weight compared to their WT 

equivalents in our study (Supplemental Figure 11).  Additionally, AF12 sp. has been observed to 

increase in relative abundance after dietary supplementation of the herbal remedies 



daikenchuto and the Lingzhi mushroom (G. lucidum) (Meneses et al., 2016; Miyoshi et al., 

2018).  In particular, in Meneses et al, the increase in relative abundance of AF12 after Lingzhi 

mushroom consumption by C57BL/6J mice was followed by lowered cholesterol and greater 

excretion of fecal bile acids (Meneses et al., 2016).  This study observed increased levels of 

cholic acid (CA) and deoxycholic acid (DCA) in hPXR-TG mice, which may be related to the 

increase in AF12 sp. (Figure 16). 

Lastly, A. muciniphila decreased in relative abundance in hPXR-TG mice. A muciniphila 

is a notable bacterial species with mucin-degrading abilities, which has been linked to anti-

inflammatory function in liver injury and in diseases such as inflammatory bowel disease (IBD), 

potentially through its ability to improve an injured gut barrier (Reunanen et al., 2015; Wu et al., 

2017; Zhao et al., 2017; Ring et al., 2019).  Therefore, this decrease in A. muciniphila may lead 

to a susceptibility for hPXR-TG mice to IBD. Interestingly, hPXR-TG mice are used to study IBD, 

such as in Dou et al, where hPXR-TG mice were treated with DSS to induce colitis, and then 

treated with isorhamnetin, a PXR agonist in order to study its effects on ameliorating IBD (Dou 

et al., 2014). The propensity for hPXR-TG mice to already be predisposed to colitis through 

decreased A. muciniphila before DSS treatment throws into question the mechanisms by which 

PXR agonist IBD treatments work – do they treat the underlying A. muciniphila underabundance 

or the damage caused by DSS; or both? In another study, Cheng et al treated hPXR-TG mice 

with rifaximin, a potent PXR agonist used to treat IBD, and found that chronic exposure to 

rifaximin causes hepatic steatosis, compared to treated WT and treated PXR-null mice (Cheng 

et al., 2012). As noted above, hPXR-TG mice are deficient in A. muciniphila, potentially 

increasing their susceptibility to inflammation and liver injury, and so the results in this study 

may be due to the presence of hPXR rather than rifaximin. 

DCA is a bacterially derived secondary bile acid which has been shown to correlate with 

colon cancer (Ajouz et al., 2014). DCA increased in hPXR-TG mice, possibly indicating that 



human PXR increases susceptibility to colon cancer compared to its mouse equivalent. 

Interestingly, CA was also increased in hPXR-TG mice, possibly indicating that DCA was 

formed via bacterial deconjugation mechanisms. This proposed mechanism is further confirmed 

by the observation that the conjugated form of CA, taurocholic acid (TCA), was unchanged, 

indicating CA and DCA were not increased through de novo synthesis in the liver. 

This is the first study to characterize the gender- and age-related differences between 

human and murine PXR on the gut microbiome, which should be considered in future research 

using mice to predict inflammation- and bile acid-related outcomes in humans. 
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Supplemental Table 1: Optimized UPLC/MS-MS gradient for bile acid chromatography 

Time (minute) Mobile phase A (%) (10mM 
ammonium acetate with 

20% Acetonitrile in water)  

Mobile phase B (%) (10 mM 
ammonium acetate with 

80% Acetonitrile in water) 

0.00 95 5 

5.00 95 5 

14.00 86 14 

14.50 75 25 

17.50 75 25 



18.00 50 50 

22.00 50 50 

22.50 20 80 

24.50 20 80 

25.00 95 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FIGURE LEGENDS 

Figure 1. A diagram of the experimental design of the study. To compare the role of strain 

differences on the composition and function of the gut microbiome, fecal samples were collected 

from WT C57BL/6J and WT FVB/NJ male and female mice of adolescent and adult ages (n=5 

of each group). To determine the necessity of host nuclear receptors on the composition and 

function of the gut microbiome, fecal samples were collected from WT, PXR-null, CAR-null, and 

PXR-CAR-null male and female mice of adolescent and adult ages (n=5 of each group). To 

compare the role of mouse and human PXR genes on the composition and function of the gut 

microbiome, fecal samples were collected from WT and hPXR-TG FVB/NJ male and female 

mice of adolescent and adult ages (n=5 of each group).  Fecal samples were collected after 24 

hours and 16S rDNA sequencing was conducted by amplifying the hypervariable V4 region. 

Analysis of FASTQ files was conducted using various python scripts in Quantitative Insights Into 

Microbial Ecology (QIIME)(Caporaso et al., 2010), including de-multiplexing, quality filtering, 

operational taxonomy unit (OTU) picking, as well as alpha- and beta-diversity determinations.  

Metagenome functional content was predicted using Phylogenetic Investigation of Communities 

by Reconstruction of Observed States (PICRUSt) (Langille et al., 2013). BAs were quantified 

using liquid chromatography–tandem mass spectrometry (LC-MS/MS). SCFAs were quantified 

using GC-MS analysis which was performed using an Agilent 7820A GC-5977B MS system 

(Agilent Technologies, Santa Clara, CA). Cytokines were quantified using the Mouse Cytokine 

Array Pro-inflammatory Focused 10-plex (MDF10) (Eve Technologies Corp., Calgary, Alberta). 

Figure 2. Alpha and beta diversities of C57BL/6J and FVB/NJ mice. A. Alpha diversity of gut 

microbiota within C57BL/6J and FVB/NJ mice. Line plots were generated using the R package 

ggplot. Asterisks represent statistically significant differences compared to C57BL/6J mice (t-

test, p < 0.05). B. Principal components analysis (PCA) plots showing the beta diversities of 

adolescent male, adult male, adolescent female, and adult female C57BL/6J and FVB/NJ mice. 



Figure 3. Proportional OTUs in C57BL/6J and FVB/NJ mice. Stacked bar chart illustrating 

the percentage of differentially regulated taxa in fecal samples in C57BL/6J and FVB/NJ male 

and female, adolescent and adult mice. The top 14 differentially abundant taxa in each group 

were plotted and all other detected taxa were summed together to form the Other category. 

Asterisks represent statistically significant differences compared to C57BL/6J mice (t-test, p < 

0.05). 

Figure 4. Percentage OTUs of Lactococcus sp., Acinetobacter sp., and E. dolichum. 

Individual barplots of Lactococcus sp., Acinetobacter sp., and E. dolichum, as generated by the 

R package ggplot2. Asterisks represent statistically significant differences compared to 

C57BL/6J mice (t-test, p < 0.05). 

Figure 5. Cytokine concentrations in C57BL/6J and FVB/NJ mice. Side by side bar plots of 

cytokine concentrations (pg/mL) as generated by the R package ggplot2. Asterisks represent 

statistically significant differences compared to C57BL/6J mice (t-test, p < 0.05). 

Figure 6. Alpha and beta diversities of C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-

null mice. A. Alpha diversity of gut microbiota within C57BL/6J WT, PXR-null, CAR-null, and 

PXR-CAR-null mice. Line plots were generated using the R package ggplot. Asterisks represent 

statistically significant differences compared to WT mice (one-way ANOVA, Duncan’s post 

hoc, p < 0.05). B. Principal components analysis (PCA) plots showing the beta diversities of 

adolescent male, adult male, adolescent female, and adult female C57BL/6J WT, PXR-null, 

CAR-null, and PXR-CAR-null mice. 

Figure 7. Proportional OTUs of C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null 

mice. Stacked bar chart illustrating the percentage of differentially regulated taxa in fecal 

samples in C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null male and female, adolescent 

and adult mice. The top 14 differentially abundant taxa in each group were plotted and all other 



detected taxa were summed together to form the Other category. Asterisks represent 

statistically significant differences compared to WT mice (one-way ANOVA, Duncan’s post 

hoc, p < 0.05). 

Figure 8. Percentage OTUs of Lactobacillus sp., Anaerostipes sp., and Sutterella sp. 

Individual barplots of Lactobacillus sp., Anaerostipes sp., and Sutterella sp., as generated by 

the R package ggplot2. Asterisks represent statistically significant differences compared to WT 

mice (one-way ANOVA, Duncan’s post hoc, p < 0.05). 

Figure 9. BA concentrations in C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null 

adolescent male mice. Individual bar plots of BA concentrations (ng/mL) in adolescent male, 

mice as generated by the R package ggplot2. BAs were quantified by LC MS/MS as described 

in MATERIALS AND METHODS. Asterisks represent statistically significant differences 

compared to WT mice (one-way ANOVA, Duncan’s post hoc, p < 0.05). 

Figure 10. BA concentrations in C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null 

adult male mice. Individual bar plots of BA concentrations (ng/mL) in adult male, mice as 

generated by the R package ggplot2. BAs were quantified by LC MS/MS as described in 

MATERIALS AND METHODS. Asterisks represent statistically significant differences compared 

to WT mice (one-way ANOVA, Duncan’s post hoc, p < 0.05). 

Figure 11. BA concentrations in C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null 

adolescent female mice. Individual bar plots of BA concentrations (ng/mL) in adolescent 

female, mice as generated by the R package ggplot2. BAs were quantified by LC MS/MS as 

described in MATERIALS AND METHODS. Asterisks represent statistically significant 

differences compared to WT mice (one-way ANOVA, Duncan’s post hoc, p < 0.05). 

Figure 12. BA concentrations in C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null 

adult female mice. Individual bar plots of BA concentrations (ng/mL) in adult female, mice as 



generated by the R package ggplot2. BAs were quantified by LC MS/MS as described in 

MATERIALS AND METHODS. Asterisks represent statistically significant differences compared 

to WT mice (one-way ANOVA, Duncan’s post hoc, p < 0.05). 

Figure 13. Alpha and beta diversities of WT and hPXR-TG mice. A. Alpha diversity of gut 

microbiota within WT and hPXR-TG FVB/NJ adolescent male mice. Line plots were generated 

using SigmaPlot. Asterisks represent statistically significant differences compared to WT mice 

(t-test, p < 0.05). B. Principal components analysis (PCA) plots showing the beta diversities of 

adolescent male, adult male, adolescent female, and adult female WT and hPXR-TG mice. 

Figure 14. Proportional OTUs of WT and hPXR-TG FVB/NJ mice. Stacked bar chart 

illustrating the percentage of differentially regulated taxa in fecal samples in WT and hPXR-TG 

FVB/NJ male and female, adolescent and adult mice. The top 14 differentially abundant taxa in 

each group were plotted and all other detected taxa were summed together to form the Other 

category. Asterisks represent statistically significant differences compared to WT mice (t-

test, p < 0.05). 

Figure 15. Percentage OTUs of Paraprevotellaceae Prevotella sp. and A. muciniphila. 

Individual barplots of Paraprevotellaceae Prevotella sp. and A. muciniphila, as generated by the 

R package ggplot2. Asterisks represent statistically significant differences compared to WT mice 

(t-test, p < 0.05). 

Figure 16. BA concentrations in WT and hPXR-TG FVB/NJ mice. Side by side bar plots of 

BA concentrations (ng/mL) in WT and hPXR-TG mice as generated by the R package ggplot2. 

BAs were quantified by LC MS/MS as described in MATERIALS AND METHODS. Asterisks 

represent statistically significant differences compared to WT mice (t-test, p < 0.05). 

Figure 17. Summary of conclusions. A graphical depiction of the conclusions reached in this 

study. 



Supplemental Figure 1. Expression values of PXR and CAR in livers of C57BL/6J and 

FVB/NJ mice. 

Bar plots of expression values of PXR and CAR in livers of C57BL/6J and FVB/NJ mice from 

the published data set by Bradford et al., 2011. Bar plots were generated using Geo Profiles of 

PubMed. 

Supplemental Figure 2. Differentially abundant taxa in C57BL/6J and FVB/NJ mice. 

Two-way hierarchical clustering of the differentially abundant taxa in fecal samples from 

adolescent- and adult-aged male and female C57BL/6J and FVB/NJ mice, as generated by the 

R packages gplots and RColorBrewer. Asterisks represent statistically significant differences 

compared to C57BL/6J mice (t-test, p < 0.05). 

Supplemental Figure 3. Functional predictions in C57BL/6J and FVB/NJ mice. 

Two-way hierarchical clustering dendrograms of differentially regulated KEGG pathways 

predicted by PICRUSt, as described in Materials and Methods, from adolescent- and adult-aged 

male and female C57BL/6J and FVB/NJ mice (t-test, p < 0.05). Generated by the R packages 

gplots and RColorBrewer.  

Supplemental Figure 4. IFNγ and TNFα concentrations in C57BL/6J and FVB/NJ mice. 

Individual bar plots of IFNγ concentrations (pg/mL) in adolescent and adult, male and female 

C57BL/6J and FVB/NJ mice and TNFα concentrations (pg/mL) in adult female C57BL/6J and 

FVB/NJ mice as generated by the R package ggplot2. Asterisks represent statistically significant 

differences compared to C57BL/6J mice (t-test, p < 0.05). 

Supplemental Figure 5. Differentially abundant taxa in C57BL/6J WT, PXR-null, CAR-null, 

and PXR-CAR-null mice. 



Two-way hierarchical clustering of the differentially abundant taxa in fecal samples from 

adolescent- and adult-aged male and female C57BL/6J WT, PXR-null, CAR-null, and PXR-

CAR-null mice, as generated by the R packages gplots and RColorBrewer. Asterisks represent 

statistically significant differences compared to WT mice (one-way ANOVA, Duncan’s post 

hoc, p < 0.05). 

Supplemental Figure 6. Functional predictions in C57BL/6J WT, PXR-null, CAR-null, PXR-

CAR-null mice. 

Two-way hierarchical clustering dendrograms of differentially regulated KEGG pathways 

predicted by PICRUSt, as described in Materials and Methods, from adolescent- and adult-aged 

male and female C57BL/6J WT, PXR-null, CAR-null, PXR-CAR-null mice (one-way ANOVA, 

Duncan’s post hoc, p < 0.05). Generated by the R packages gplots and RColorBrewer.  

Supplemental Figure 7. SCFA concentrations in C57BL/6J WT, PXR-null, CAR-null, and 

PXR-CAR-null mice. 

Correlation plots of SCFA concentrations and differentially abundant bacteria chosen from the 

top 15 taxa as generated by the R packages ggplot2 and corrplot. Individual plots of significantly 

changed SCFAs in C57BL/6J WT, PXR-null, CAR-null, and PXR-CAR-null mice. Asterisks 

represent statistically significant differences compared to WT mice (one-way ANOVA, Duncan’s 

post hoc, p < 0.05). 

Supplemental Figure 8. Differentially abundant taxa in WT and hPXR-TG FVB/NJ mice. 

Two-way hierarchical clustering of the differentially abundant taxa in fecal samples from 

adolescent- and adult-aged male and female WT and hPXR-TG FVB/NJ mice, as generated by 

the R packages gplots and RColorBrewer. Asterisks represent statistically significant differences 

compared to WT mice (t-test, p < 0.05). 



Supplemental Figure 9. Functional predictions in WT and hPXR-TG FVB/NJ mice. 

Two-way hierarchical clustering dendrograms of differentially regulated KEGG pathways 

predicted by PICRUSt, as described in Materials and Methods, from adolescent- and adult-aged 

male and female WT and hPXR-TG FVB/NJ mice (t-test, p < 0.05). Generated by the R 

packages gplots and RColorBrewer.  

Supplemental Figure 10. SCFA concentrations in WT and hPXR-TG FVB/NJ mice. 

Correlation plots of SCFA concentrations and differentially abundant bacteria chosen from the 

top 15 taxa as generated by the R packages ggplot2 and corrplot. Individual plots of significantly 

changed SCFAs in WT and hPXR-TG FVB/NJ mice. Asterisks represent statistically significant 

differences compared to WT mice (t-test, p < 0.05). 

Supplemental Figure 11. Weights of WT C57BL/6J, PXR-null, CAR-null, PXR-CAR-null, WT 

FVB/NJ, and hPXR-TG adult mice. 

Bar plots of mass (g) of adult WT C57BL/6J, PXR-null, CAR-null, PXR-CAR-null, WT FVB/NJ, 

and hPXR-TG male and female mice. Generated using Microsoft Excel. 

Supplemental Table 1: Optimized UPLC/MS-MS gradient for bile acid chromatography 

Percentages of mobile phase A (10 mM ammonium acetate with 20% acetonitrile in water) and 

B (10 mM ammonium acetate with 80% acetonitrile in water) per minute. 
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