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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease due to 

the current epidemics of obesity and diabetes. The pregnane X receptor (PXR) is a xenobiotic-

sensing nuclear receptor known for transactivating liver genes involved in drug metabolism and 

transport, and more recently implicated in energy metabolism. The gut microbiota can modulate 
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the host Xenobiotic biotransformation and contribute to the development of obesity. While the 

male sex confers a higher risk for NAFLD than women before menopause, the mechanism 

remains unknown. We hypothesized that the presence of PXR promotes obesity by modifying 

the gutliver axis in a sex-specific manner. Male and female C57BL/6 (wild-type/WT) and 

PXR-knockout (PXR-KO) mice were fed control or high-fat diet (HFD) for 16-weeks. Serum 

parameters, liver histopathology, transcriptomic profiling, 16S-rDNA sequencing, and bile acid 

(BA) metabolomics were performed. PXR enhanced HFD-induced weight gain, hepatic steatosis 

and inflammation especially in males, accompanied by PXR-dependent up-regulation in hepatic 

genes involved in microbial response, inflammation, oXidative stress, and cancer; PXR-dependent 

increase in intestinal Firmicutes/Bacteroides ratio (hallmark of obesity) and the pro-inflammatory 

Lactobacillus, as well as a decrease in the anti-obese Allobaculum and the anti-inflammatory 

Bifidobacterum, with a PXR-dependent reduction of beneficial BAs in liver. The resistance to 

NAFLD in females may be explained by PXR-dependent decrease in pro-inflammatory bacteria 

(Ruminococcus gnavus and Peptococcaceae). In conclusion, PXR exacerbates hepatic steatosis 

and inflammation accompanied by obesity- and inflammationprone gut microbiome signature, 

suggesting that gut microbiome may contribute to PXR-mediated exacerbation of NAFLD.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is a progressive disease associated with 

obesity, usually accompanied by steatosis and inflammation, potentially degenerating to 

non-alcoholic steatohepatitis (NASH) and liver cancer [1]. NAFLD affects approXimately 

30–40% of the US and 25% of the world populations [1]. Obesity and NAFLD have 

been linked with dysregulation of the gut microbiome [2,3] including an increase in the 

Firmicutes/Bacteroidetes (F/B) ratio, which is a well-established obesity biomarker [4,5]. 

The gut microbiome is also an important modifier of host Xenobiotic biotransformation. 

Several microbial metabolites (such as indole-3 propionic acid [IPA] and lithocholic acid 

[LCA]) can activate, the host PXR, which is a master regulator of many genes involved 

in xenobiotic biotransformation in liver [6,7]. CYP3A, which is a prototypical target gene 

of PXR, metabolizes over 50% of prescription drugs that require biotransformation before 

clearance. In a previous study, it was shown that Cyp3a mRNA decreased by 87% in livers 

of germ free (GF) mice, suggesting that the presence of gut microbiome is necessary in 

maintaining the constitutive PXR signaling in liver [8]. The absence of gut microbiome in 

mice also alters the host metabolism of the environmental pollutant polybrominated diphenyl 

ethers (PBDEs), and modulates the PBDE-mediated differential regulation of Xenobiotic-

processing genes [9]. In summary, the gut microbiome is an important modulator of host 

Xenobiotic metabolism and PXR signaling.

Aside from its well-known function in drug metabolism, emerging literature evidence 

showed that PXR also plays novel roles in lipid and glucose metabolism [10]. Human 

PXR gene variants are associated with disease severity in NAFLD [11], potentially leading 
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to liver steatosis [12]. Our group and others have shown that the presence of PXR 

promotes obesity while PXR deficiency suppresses obesity [10,13,14]. Specifically, it was 

demonstrated that PXR ablation resulted in increased mitochondrial β-oXidation, reduced 

hepatic lipogenesis and inflammation [13]. Mechanistically, it was shown that the obesity 

mediators impacted by PXR deficiency are suppressed c-Jun NH2-terminal kinase activation 

and down-regulation of lipin-1, which is a novel PXR target gene [13]. In addition, PXR 

deficiency also led to induction of hepatic carnitine palmitoyltransferase 1 and attenuated 

HFD-mediated down-regulation of the lipid sensor PPARα, suggesting increased energy 

metabolism [10]. Furthermore, induction of FGF15 expression, resulting in suppression 

of bile acid synthesis and reduction of lipid absorption, hepatic lipid accumulation and 

liver triglyceride levels improved HFD-induced obesity in PXR-KO mice [14]. While these 

previous reports have demonstrated that PXR promotes obesity, the interaction between 

PXR and the gut microbiome in the pathogenesis of obesity has not been characterized.

Obesity is usually accompanied by inflammation, which contributes to NAFLD, NASH, 

and ultimately liver cancer [15]. Pharmacological activation of PXR is known to have 

anti-inflammatory functions. The prototpyical PXR ligand pregnenolone 16α carbonitrile 

(PCN) is beneficial in reducing inflammation in a mouse model of inflammatory bowel 

disease (IBD) by inhibiting the nuclear factor kappa B (NF-κB) transcription factor 

and down-regulating the NF-κB-targeted pro-inflammatory cytokines in mice [16]. The 

microbial tryptophan metabolite IPA is a novel PXR activator that down-regulates the pro-

inflammatory tumor necrosis factor alpha (TNFα) and toll-like receptor (TLR) pathway 

in intestine of mice [7]. Activation of PXR also inhibits inflammation by inhibiting 

TLR4 pathway, thus preventing the overproduction of pro-inflammatory cytokines. This 

mechanism results in exacerbated Listeria monocytogenes (LM) infection in WT mice but 

not in PXR-KO mice [17,18]. Because inflammation is well-known to be an imbedded 

mechanism of many obesity-related diseases [19] and that PXR is known to have anti-

inflammatory functions, it appears contradictory that PXR deficiency worsens obesity, 

highlighting the need for follow-up investigations regarding the interplay between PXR and 

inflammation during the pathogenesis of obesity.

An important class of intermediary metabolites that contribute to obesity is bile acids (BAs). 

BAs are important metabolic sensors that aid in dietary nutrient absorption to provide fuel 

for energy metabolism and biosynthesis [20]. Cholic acid (CA), a primary liver-derived BA, 

decreases high-density lipoprotein (HDL) cholesterol, plasma apolipoprotein AI and hepatic 

apolipoprotein AI mRNA in mice [21]. Additionally, CA supplementation in HFD-fed 

mice improved glucose tolerance and decreased total body fat accretion and fasting blood 

glucose concentrations [22,23]. Another study showed that high levels of BAs induced by 

HFD could impair intestinal stem cell function by triggering endoplasmic reticulum (ER) 

stress, resulting in the disruption of the intestinal mucosal barrier in mice [24]. Secondary 

BAs such as deoXycholic acid (DCA) and lithocholic acid (LCA), which are produced by 

the gut microbiome, are important activators of the host TGR-5 receptor, which promotes 

thermogenesis and energy expenditure [25]. Therefore, these microbial derived BAs are 

thought to be anti-obesity hormones. LCA at high concentrations also activate the PXR-

target gene Cyp3a11 to protect from liver injury in mice, highlighting the importance of 

gut microbiome in modulating the hepatic PXR-signaling [6]. When BAs are toXic at high 
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concentrations such as during cholestasis, PXR acts in concert with the major BA receptor 

farnesoid X receptor (FXR) to modulate BA detoXification and elimination [26]. BAs also 

serve as an important host factor shaping the gut microbiome in diet-induced obese mice, 

and this effect was more pronounced in PXR-KO mice, suggesting that PXR contributes to 

the weakening of the effect of BAs on lipoprotein metabolism [27]. BA represents a highly 

abundant pool of host-derived and microbial modified metabolites that are major regulators 

of the gut microbiome, which can be a key finding for more effective probiotic treatments 

for patients suffering from obesity and metabolic syndrome. Recent studies have shown 

that Xenobiotic exposure and exposure to nuclear receptors are an important factor in both 

dietary and chemical models of NAFLD in mice [28,29]. Another study also stated that PXR 

gene variants are associated with disease severity in NAFLD with the Xenobiotic exposure 

[11] that may also lead to steatosis in the liver of mice and human [12]. Therefore, it is 

reasonable to speculate that the therapeutic modulation of PXR and BAs may be beneficial 

in managing diabetes and metabolic diseases.

We and others have recently demonstrated that PXR can modulate the gut microbiome 

revealing that the pharmacological activation of PXR by its mouse ligand, PCN alters the 

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

the intestine [30]. Mice treated with the PXR activator statins gained weight, had increased 

members of the S24–7 family (commensal bacteria in the intestine), up-regulated PXR-

target genes in mice, as well as increased DCA. All of these metabolic endpoints were found 

to be PXR-dependent [31]. Mice orally-gavaged with the non-coplanar PBDEs, which are 

PXR activators [32], had increased numbers of Akkermansia muciniphila and Allobaculum 
spp., as well as unconjugated secondary BAs [33]. Additionally, mice dosed with 

polychlorinated biphenyls (PCBs), which also activate PXR [34], had increased numbers 

of Akkermansia muciniphila, Clostridium scindens, Enterococcus sp., and Prevotella sp. and 

serum BAs [35]. Furthermore, absence of PXR results in higher microbial richness and 

enriched pro-inflammatory bacteria, suggesting that the basal function of PXR is to maintain 

immune surveillance to prevent pathogen infections. In summary, the gut microbiome 

composition and functions can be modulated by PXR under pharmacological, toXicological, 

and physiological conditions.

While previous reports have demonstrated that PXR promotes obesity [10,13,14], the 

interaction between PXR and the gut microbiome in the pathogenesis of obesity has not 

been characterized. Furthermore, the role of PXR in sex differences in obesity remains to 

be investigated. Therefore, this study aims to delineate the potential relationship and we 

hypothesize that the presence of PXR promotes obesity by modifying the gut-liver axis in a 

sex-specific manner.

2. Materials and Methods

2.1. Animals

Male and female C57BL/6 mice (WT) and PXR-KO mice in C57BL/6 background (10–12 

weeks of age) were used. Animals were housed at 22 °C with a 12/12-h light/dark cycle 

at the Animal Resources Complex at North Carolina Central University (NCCU), randomly 

assigned to two groups (n = 7–11/group), and fed either control diet (12% fat calories) 
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or HFD (45% fat calories) from Research Diets Inc. (New Brunswick, NJ) for 16 weeks 

[10,36]. Food consumption and body weight were monitored weekly. All procedures were 

approved by the NCCU Institutional Animal Care and Use Committee (IACUC). After 16 

weeks, various tissues were collected, weighed, snap-frozen in liquid nitrogen and stored 

at −80 °C. A part of the fresh liver was fiXed in 10% formalin for hematoXylin and eosin 

(H & E) staining. Blood samples collected by cardiac puncture were processed for serum 

and stored at −80 °C prior to analyses of liver enzymes, BAs, fibroblast growth factor 21 

(FGF21), leptin, adiponectin, and insulin.

2.2 Body composition

At 12-weeks of diet treatment, body composition (fat mass, lean mass, free water, and total 

water) was determined in vivo (n = 4/group) using the quantitative magnetic resonance 

(QMR) (EchoMRI™ 3-in-1; Echo MRI LLC, Houston, TX) as previously described [37].

2.3. Bacterial 16S rRNA sequencing

Bacterial DNA and amplicon sequencing was isolated from large intestinal content (LIC) 

pellet using an OMEGA E.Z.N.A. Stool DNA Kit (OMEGA Biotech, Inc, Norcross, 

Georgia). Qubit fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts) was used 

to determine concentration of DNA. Bacterial DNA was sequenced using an Illumina 

HiSeq 2500 s-generation sequencing system (250 bp paired-end; n = 5–6/group; Novogenes, 

Sacramento, CA) for bacterial 16S rDNA V4 amplicon sequencing. FASTQ files were 

analyzed using various python scripts in QIIME. Statistical differences were determined by 

using two-way ANOVA followed by Tukey’s post hoc test and adjusted p-value < 0.05 in R.

2.4. Metabolic parameters

Serum ALT activity was determined using a commercially available kit (Sigma-Aldrich, 

St. Louis, MO). Serum BAs, leptin, and insulin levels were determined by ELISA 

according to manufacturer instructions (Crystal Chem Inc., Dowers Grove, IL), as were 

serum adiponectin and FGF21 levels (Millipore Corporation, Billerica, MA). For hepatic 

triglyceride levels, total liver lipids were extracted from 100 mg of liver homogenate using 

methanol and chloroform as previously described [10]. Hepatic triglycerides were quantified 

using a triglyceride test kit (Wako Pure Chemical Industries, Richmond, VA).

2.5. H & E staining of liver sections

Livers were fiXed in 10% neutral-buffered formalin, sectioned and stained with H&E prior 

to blinded evaluation by a board-certified veterinary pathologist. Liver sections were semi-

quantitatively scored for lipid accumulation, necrosis, inflammation, fibrosis (increased 

fibrocytes and collagen fibers), and biliary hyperplasia (increased numbers of oval and/or 

intercalated cells in cholangioles).The basic scoring criteria was as follows: no significant 

lesions (0); minimal lesions, <10% accumulation/injury/death (1); mild lesions, 10–25% 

(2); moderate lesions, 25–40% (3); marked lesions, 40–50% (4); severe lesions, changes 

in 50% or greater (5). Lipid accumulation was characterized and scored on the amount 

of clear, round, single membrane bound cytoplasmic lipid vacuoles. Histomorphological 

signs of necrosis were pyknosis, karyolysis, karyorrhexis, cytoplasmic hypereosinophilia, 
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membrane disruption and cell loss while signs of inflammation were edema and leukocyte 

accumulation. Fibrosis was recognized by replacement of damaged tissue by angiogenic 

connective tissue. Apoptotic characteristics were chromatin condensation, cell shrinkage and 

formation of cytoplasmic blebs.

2.6. Glucose tolerance test (GTT)

At 15-weeks of diet treatment, intraperitoneal glucose tolerance test (IGTT) was performed 

in overnight fasted animals (n = 7–9/group) over a time course. A single dose of D-glucose 

(10% solution in water, 10 mL/kg) was injected intraperitoneally (i.p.). Tail vein glucose was 

quantified immediately before and 15, 30, 60, 90, and 120 min after glucose injection using 

Contour TS strips (Bayer HealthCare LLC, Mishawaka, IN).

2.7. Microarray analysis

Transcriptomic profiling in livers was performed using AffymetriX GeneChip® arrays (n 

= 4/treatment/genotype/sex). Total RNA were isolated with Trizol from liver tissues of 

male and female WT and PXR-KO mice fed control or a HFD for 16 weeks and purified 

using RNeasy spin columns (Germantown, MD), according to the supplier’s instructions. 

The quality of the RNA was evaluated by measuring the 260:280 nm absorbance ratios, 

and the integrity of 18S and 28S ribosomal RNA bands assessed by electrophoresis. Total 

RNA (250 ng) was used to synthesize fragmented and labeled sense-strand cDNA and 

hybridize onto AffymetriX arrays. The AffymetriX GeneChip® WT PLUS Reagent Kit 

Manual were followed to prepare the samples. Briefly, the GeneChip® WT PLUS Reagent 

Kit (AffymetriX) was used to generate sense-strand cDNA from total RNA. Following 

synthesis of sense-strand cDNA, the cDNA was fragmented and labeled with the AffymetriX 

GeneChip Terminal Labeling Kit. Fragmented and labeled cDNA were then added to a 

hybridization cocktail (25 µg/µl fragmented cDNA, 50 pM control oligonucleotide B2, 

BioB, BioC, BioD and cre hybridization scontrols, 7 % DMSO, 100 mM MES, 1 M [Na 

+ ], 20 mM EDTA, 0.01% Tween 20). AffymetriX arrays (AffymetriX, Santa Clara, CA) 

were hybridized for 16 h at 45 °C in the GeneChip Hybridization Oven 645 (AffymetriX). 

The arrays were washed and stained with R-phycoerythrin streptavidin in the GeneChip 

Fluidics Station 450 (AffymetriX). The arrays were scanned with the GeneChip Scanner 

3000 7G Plus with autoloader. GeneChip Command Console Software (AGCC) was used for 

washing, staining and scanning control of the instrumentation.

For data analyses of microarrays, CEL files were analyzed in R using the oligo package. 

Genes with an average probe intensity > 100 were considered to be significantly expressed. 

Probe IDs were annotated using the clariomsmousehttranscriptcluster.db package. The mean 

probe intensities higher than log2100 in at least one group were selected for further analysis. 

Differential analysis between vehicle and HFD-exposed groups of the same genotype and 

sex was determined using the Linear Models for Microarray Data (limma) package. A false 

discovery rate below 0.05 was considered statistically significant. Probes that were shown 

to be differentially expressed were constructed in a Venn diagram which identifies the 

common and exclusively expressed genes of each genotype and sex. Two-way hierarchical 

clustering of pathway-specific gene expression was conducted using the heatmap.2 function 

in the gplots package. Principal component analysis plots were generated using prcomp 
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and ggplot. Liver genes that were uniquely regulated by HFD in male WT, female WT, 

male PXRKO, and female PXRKO conditions were analyzed by String Analysis (https://

string-db.org/) (highest confidence, minimal required interaction score = 0.90, FDR < 0.05) 

and EnrichR (https://maayanlab.cloud/Enrichr/) (FDR < 0.05) for differentially regulated 

pathways, top perturbed ligands, as well as chemicals that may serve as remediation to 

reverse the liver injury. Bar plots of representative differentially regulated genes were 

generated using SigmaPlot (Systat Software, Inc).

2.8. Quantification of mRNA levels using real-time PCR

Selected genes were validated by RT-qPCR. Total RNA (5 µg) was reversed transcribed into 

cDNA with random hexamer primers using Tetro cDNA Synthesis Kit (Bioline, Taunton, 

MA). Proprietary Taqman Gene EXpression Assays including Pxr (No. Mm01344139_m1), 

Cyp2b9 (No. Mm00657910_m1), Cyp2b10 (No. Mm01972453_s1), Il-12β (No. 

Mm00434174_m1), Tnfα (No. Mm00443258_m1), Cx3cl1 (No. Mm00436454_m1), 

Il-10 (No. Mm01288386_m1) and Gapdh (housekeeping gene; No. 99999915_g1), were 

purchased from Applied Biosystems/Life Technologies (Grand Island, NY) and used to 

quantify the mRNA levels as we previously described [38,39]. The primer sequences for 

Collagen 1α was previously published [40] and the mRNA was quantified using the SYBR 

Green assay as we previously reported [38]. Results were presented as levels of expression 

relative to that of controls after normalizing with Gapdh mRNA using the comparative CT 

method.

2.9. Preparation of solutions for bile acid (BA) standard curve internal standards (Iss)

Cholic acid (CA), chenodeoXy cholic acid (CDCA), deoXycholic acid (DCA), lithocholic 

acid (LCA), α muricholic acid (αMCA), βMCA, ωMCA, ursodeoXycholic acid (UDCA), 

hyodeoXycholic acid (HDCA), murideoXycholic acid (MDCA), taurine conjugated cholic 

acid (T-CA), T-CDCA, T-DCA, T-LCA, T- αMCA, T- βMCA, T- ωMCA, T-UDCA, and 

T-HDCA were purchased from Steraloids (Newport, Rhode Island). T- ωMCA was given by 

Dr. Daniel Raftery’s laboratory at the University of Washington Northwest Metabolomics 

Research Center. For internal standards (ISs) , a total of 5 deuterated (d4) ISs were used. 

Among them the d4-cholic acid (d4-CA) was purchased from Toronto Research Chemicals 

Inc (Ontario, Canada), the d4-deoXycholic acid (d4-DCA) and d4-chenodeoXycholic acid 

(d4-CDCA) were purchased from CDN Isotope Inc (Pointe-Claire, Quebec, Canada), the 

d4-glycine conjugated CDCA (d4-G-CDCA) was purchased from IsoSciences (Ambler, PA), 

and d4-lithocholic acid (d4-LCA) was purchased from Steraloids (Newport, Rhode Island). 

One mg/mL stock solutions of the individual BAs (for standard curve) and IS were prepared 

in methanol and water (1:1). The 19 individual BA stock solutions were further diluted in 

50% methanol to obtain 10 working standard solutions ranging from 0.05 to 10000 ng/mL). 

The 5 ISs were miXed to obtain a working IS solution in which the concentration of each IS 

was 10 µmol/mL.

2.10. BA extraction and UPLC-MS/MS quantification

BAs from liver were extracted and analyzed by UPLC-MS using a Waters Acquity I-Class 

UPLC TQS-micro MS system (Waters, Milford, Massachusetts). BAs were extracted from 

liver by adding 5 µl of ice-cold analytical grade H2O per mg of sample then homogenized 
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in a glass Dounce homogenizer until uniform. 250 µl of shomogenate was removed and 

miXed with 10 µl of the following ISs. Samples were then precipitated in acetonitrile with 

5% NH4OH and centrifuged to obtain pellets. After, pellets were resuspended with 750 µl 

of 100% methanol, centrifuged, and the supernatant was removed and dried under vacuum 

(30 °C) for about 4 h. For serum, 50 µl of serum was miXed with 10 µl of IS, precipitated 

with ice-cold methanol, centrifuged, and the supernatant was dried under vacuum. The 

precipitates were then reconstituted in 100 µl of 50% methanol water solution prior to 

LC-MS. . Then, 5 µl of bile acid extractions were injected into UPLC-MS/MS for analysis. 

Quality control (QC) samples and standard stock solutions for calibration were similarly 

extracted and analyzed.

2.11. Other statistical analysis

The effect of body weight, food intake, and various metabolic parameters were analyzed 

by two-way analysis of variance using SigmaPlot 12 (Systat Software, Inc., San Jose, CA), 

followed by Bonferroni’s post hoc test (p < 0.05). Principal component analysis (PCA) was 

performed of gut microbiome at L7 species level with mean %OTU > 0.001% using the 

prcomp function in R and visualized using the ggbiplot R package. Person’s correlation 

analysis was performed using the ggplot2 and reshape2 R packages.

3. Results

3.1. Effect of HFD on obesity phenotypes

Adult male and female WT and PXR-KO mice were fed either a standard rodent chow diet 

or a HFD diet for 16 weeks. In both male and female WT mice, HFD markedly increased 

the body weight starting from Week 2 and 4 respectively, to the end of the HFD exposure at 

week 16 (Fig. 1A and B). Although HFD also increased the body weight of both male and 

female PXR-KO mice, the onset of weight gain occurred much later than in HFD-fed WT 

mice, which was Week 9 in male PXR-KO and week 7 in female PXR-KO mice (Fig. 1A 

and B). In addition, the weight gain in both male and female PXR-KO mice was markedly 

attenuated at all-time points, as compared to the HFD-fed WT mice of the same sex (Fig. 

1A-C), indicating that PXR gene contributes to HFD-induced obesity to a greater extent than 

the PXR-KO mice. The depletion of PXR in PXR-KO was confirmed by RT-qPCR in livers 

of these mice (Fig. 1D). The basal hepatic mRNA levels of constitutive androstane receptor 

(Car) target genes, Cyp2b9 and Cyp2b10 were significantly higher 899- and 462-fold, 

respectively, in female WT than in male WT controls (Fig. 1E and 1F). HFD ingestion 

significantly increased only hepatic Cyp2b10 mRNA levels (1.7-fold) in female WT mice 

(Fig. 1F). HFD also increased hepatic Cyp2b9 and Cyp2b10 mRNA levels, 164-fold and 

17-fold, respectively, in male WT mice (Fig. 1E and 1F). Collagen 1α mRNA was increased 

(6.0-fold) by HFD only in male WT mice (Fig. 1G); Collagen 1α is a well-known early 

biomarker for liver fibrosis and hepatocellular carcinoma [41].

In male mice, HFD increased both the absolute liver weight and liver to-body-weight ratio 

in a PXR-dependent manner (Table 1). In female mice, HFD did not alter the absolute 

liver weight or liver to-body-weight ratio in WT mice, whereas it decreased the liver/body 

weight ratio in PXR-KO mice. In male mice, HFD did not alter the mass of the epididymal 
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white adipose tissue (WAT) in either genotype; however, in females, HFD increased the 

WAT mass in both genotypes, and the presence of PXR resulted in a greater WAT mass 

gain. HFD increased mesenteric WAT mass in all groups except for female PXR-KO mice 

where no change was observed (Table 1). HFD increased brown adipose tissue (BAT) mass 

in a PXR-dependent manner. HFD did not alter the lean mass in any groups, however, 

HFD increased the fat mass of both males (3.5-fold) and females (3.1-fold) in a PXR-

dependent manner, compared to controls (Table 1). Together, these observations suggest 

that the presence of PXR promotes obesity-related metabolic parameters, evidenced by 

HFD-induced total fat mass gain in both sexes. Epidemiological reports indicate a positive 

relationship between dietary fat intake and obesity [42]. Interestingly, rats and mice show 

a similar relationship and are therefore considered appropriate models for studying dietary 

obesity. We also observed that the daily food consumption by weight was higher in HFD-fed 

mice group than control diet-fed group of the same genotypes and sexes (Table 1). In 

addition, HFD-fed female PXR-KO mice consumed less food than female WT mice (Table 

1). While some studies with HFD-induced obesity in C57BL/6J mice have shown lower food 

intake (g) despite higher caloric intake (Kcal) as compared to a control group [43,44], some 

reports have shown an association between higher food intake and obesity induction similar 

to our current report [45–47]. Moreover, some studies have also reported no differences 

in food intake between mice fed the control diet and HFD [13,48]. A major factor that 

determines the amount of food eaten during obesity induction is the energy density of the 

macronutrients and micronutrients in the fat-rich diet [42]. It is possible that the difference 

between the increase in daily food intake in the current report and other previous reports 

where lower food intake was recorded could be due to the differences in the type and amount 

of fat used in these studies.

Regarding the serum metabolic parameters, as shown in Table 2, in males, HFD increased 

serum alanine aminotransferase (ALT) (3.0-fold), which is a well-established biomarker for 

liver injury [49], increased serum total bile acids (BAs)(1.7-fold), which is an indicator of 

cholestatic liver injury [50] and increased fibroblast growth factor 21 (FGF21)(1.8-fold), 

which is a liver-derived hormone that promotes hepatic fatty acid oXidation, ketogenesis, 

and insulin sensitivity [51], all in a PXR-dependent manner. Unexpectedly, the basal serum 

FGF21 levels were markedly decreased in male PXR-KO mice to about 30% that of their 

WT counterparts on control diet. In addition, while HFD significantly increased serum 

FGF21 levels in male WT mice, the FGF21 levels were not only significantly lower but also 

not inducible by HFD in male PXR-KO mice. Interestingly, in HFD-fed female mice, serum 

ALT, BAs, or FGF21 were unchanged in either genotype. In male mice, HFD increased 

serum insulin in both WT and PXR-KO mice; whereas in females, HFD did not have any 

effect in either WT or PXR-KO conditions. HFD increased fasting glucose in male PXR-KO 

mice, but did not have any effect in other groups. Serum leptin was increased by HFD in 

both sexes and genotypes, whereas serum adiponectin was not altered in any group. These 

observations suggest that both the presence of PXR and the male sex render the mice more 

susceptible to HFD-induced injuries than females. However, whereas HFD-induced liver 

injury and lipid disorders were promoted by PXR, PXR may be beneficial in maintaining 

insulin sensitivity (as evidenced by increased fasting glucose in male PXR-KO mice).
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H&E staining was performed in control and HFD-fed mice to determine the effects of PXR 

and sex on lipid accumulation and inflammation (Fig. 2). The presence of PXR promoted 

HFD-induced substantial increase in lipid accumulation (observed mostly as macrovesicular 

steatosis with some microvesicular steatosis) and hepatic triglyceride accumulation, as 

well as greater inflammatory cell infiltration in both male and female WT mice, whereas 

such phenotype was much attenuated in the absence of PXR in both sexes (Fig. 2A-E). 

In addition, HFD-fed male WT mice had even more lipid accumulation than HFD-fed 

female WT mice (Fig. 2D). Furthermore, we observed that mRNA levels of several 

proinflammatory cytokines and chemokines were up-regulated including Tnfα (2.5-fol), 
Il-12β (4.5-fold), and Cx3cl1 (2.0-fold), but not significantly, while the anti-inflammatory 

cytokine Il-10 was down-regulated about 70% (compared to controls), only in HFD-fed male 

WT mice (Fig. 2F-I). Importantly, a significant increase in the Tnfα mRNA was observed 

between HFD-fed male WT mice and male PXR-KO mice fed the same diet (Fig. 2F). 

Interestingly, mild necrosis was also observed in livers of HFD-fed male WT mice with no 

noteworthy signs of apoptosis, fibrosis, and/or biliary hyperplasia by HFD exposure in either 

sexes or genotypes (results not shown). In summary, these results indicate that PXR in both 

male and female mice promotes HFD-induced body weight gain, steatosis, inflammation and 

hepatic triglyceride accumulation.

3.2. Effect of HFD on glucose tolerance

Impaired glucose tolerance is the earliest identifiable metabolic abnormality in the 

pathogenesis of type II diabetes mellitus [52]. To establish whether PXR or sex has any 

influence on insulin signaling and glucose clearance, a glucose tolerance test was performed 

in control- or HFD-fed male and female WT and PXR-KO mice (Fig. 3). Notably, in 

male mice, deficiency of PXR resulted in a higher area under the curve (AUC) of serum 

glucose in both control diet and HFD groups (Fig. 3C and 3E). This observation aligns 

with the finding that PXR-KO males had elevated increased fasting glucose (Table 2), and 

suggests that PXR is beneficial in maintaining insulin signaling in males. However, in 

female mice, PXR worsens the ability to clear glucose, because HFD-fed female WT mice 

had higher AUC than in HFD-fed female PXR-KO mice (Fig. 3B, 3D, and 3E). Together 

these observations suggest that although the presence of PXR worsens HFD-induced lipid 

accumulation and inflammation, its role in insulin signaling is divergent and sex-specific.

3.3 HFD-mediated functional changes predicted from hepatic transcriptome response

To examine the role of PXR in the HFD-mediated hepatic transcriptomic response in liver, 

we employed microarray and examined the differentially expressed genes and predicted 

functional changes (Figs. 4–9). HFD produced genotype- and sex-specific effects on the 

hepatic transcriptome (Fig. 4A-C). As shown in Fig. 4A, there were 125 genes that were 

commonly regulated by HFD across both genotypes and sexes. There were 292 genes 

that were uniquely regulated in male WT, 247 in female WT, 444 in male PXR-KO, 

and 71 in female PXR-KO. Interestingly, at the global scale, HFD produced a generally 

up-regulated transcriptomic signature in livers of male WT mice, but produced a generally 

down-regulated transcriptomic signature in livers of female WT mice (Fig. 4C), highlighting 

the importance of sex as a modifying factor. The HFD-fed female PXR-KO mice also 

displayed a general decrease in the hepatic transcriptomic signature. The HFD-mediated 
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effect was diluted in the absence of PXR in male mice, evidenced by lack of a separation 

between control and HFD-fed groups (Fig. 4C).

As shown in Fig. 5, the liver genes that were uniquely regulated by HFD in male WT mice 

are involved in multiple cancer-related KEGG pathways such as chemical carcinogenesis, 

apelin signaling pathway (important for angiogenesis and cell proliferation), hepatocellular 

carcinoma, and proteoglycans in cancer. Lysosome and focal adhesion related genes were 

also unique, only regulated by HFD in livers of male WT mice. Conversely, as shown 

in Fig. 6, the liver genes that were uniquely regulated by HFD in male PXR-KO mice 

are enriched for multiple amino acid metabolism pathways (e.g. metabolism of valine, 

leucine, isoleucine, tryptophan, beta-alanine, argine, proline, glycine, serine, and threonine), 

suggesting a compensatory response to provide energy support to faster recovery from 

liver injury. In addition, PPAR-signaling and its related lipid metabolism pathways are also 

uniquely altered in livers of male PXR-KO mice, which may also render protection from 

excessive lipid accumulation. As shown in Figs. 7 and 8, very few pathways are uniquely 

altered in livers of female WT or female PXR-KO mice, indicating that females are more 

resistant to HFD-induced dysregulation of liver genes.

Importantly we observed a PXR-dependent down-regulation of genes encoding tight 

junctions and a PXR-dependent up-regulation of genes involved in microbial response. 

Specifically, as shown in Fig. 10A, there was a PXR-dependent mRNA down-regulation of 

the tight junction protein claudin 5 (Cldn5), as well as the PXR-dependent up-regulation 

of several microbial response genes, including the lipopolysaccharide (LPS)-sensing Ly96 

(lymphocyte antigen 96), and the anti-microbial peptide App (amyloid beta precursor 

protein). This observation suggests that PXR-dependent gut dysbiosis leads to an increase 

in systemic microbial constituents and hepatic microbial response. Of note, LPS is well-

known to produce inflammatory liver injury [53]. Correspondingly, as shown in Fig. 

10B-E, we observed a PXR-dependent up-regulation of pro-inflammation related genes 

(Cd74 [Cd74 molecule, major histocompatibility complex class II], Il2rg [interleukin 2 

receptor subunit gamma], Clec7a [C-type lectin domain Containing 7A – involved in 

innate immune response]), biomarkers of oXidative stress (Nrf2 [nuclear factor, erythroid 

2 like 2], GpX4 [glutathione peroXidase 4], and Casp3 [Caspase 3]), as well as cell 

proliferation/cancer-related genes (Lgals1 [Galectin 1], Mdm2 [MDM2 proto-oncogene], 

Mapk3 [mitogen-activated protein kinase 3], Ptpra [protein tyrosine phosphatase receptor 

type A], Pea15a [proliferation and apoptosis adaptor protein 15], and Tgfb1 [transforming 

growth factor beta 1]). Together, these findings and our RT-qPCR results (Fig. 2F-I), suggest 

that the PXR-mediated gut dysbiosis contributes to HFD-induced hepatic inflammation, 

oXidative stress, and priming the liver for disrepair including carcinogenesis.

As a first step to seek potential remediation for genotype- and sex-specific dysregulation 

of the hepatic transcriptome during the pathogenesis of NAFLD, we compared PXR-

dependent gene expression signatures with the Library of Integrated Network-Based Cellular 

Signatures (LINCS) L1000 database (Fig. 11). As shown in Fig. 11A, in livers of male mice, 

the predicted endogenous ligands that were uniquely up-regulated in a PXR-dependent are: 

Epidermal growth factor receptor (Epg), Platelet Derived Growth Factor Subunit B (Pdgfbb), 

Fibroblast Growth Factor 1 (Fgf1), Fibroblast Growth Factor 7 (Fgf7), interleukin 4 (Il4), 
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Heparin Binding EGF Like Growth Factor (Hbegf), Tumor Necrosis Factor alpha (Tnfα), 

betacellulin (Btc), epiregulin (Epr), and Transforming Growth Factor Alpha (TGFα). Most 

of them are involved in pro-inflammation and cell proliferation. The top chemical that is 

known to reverse the PXR-dependent gene signatures is withaferin a, which is a natural 

product that has anti-inflammatory, immunomodulatory, and anti-cancer effects (Fig. 11B) 

[54]. Other anti-cancer drugs such as mitoXantrone, celestrol, pelitinib, afatinib, also have 

repressive effect on HFD-up-regulated genes in livers of male WT mice. Other compounds 

(A443654, XMD11, QL-X, GDC, and KIN001) may also serve as novel remediation for 

PXR-dependent liver injuries. As shown in Fig. 11C, interleukin 1beta (IL-1b) is the only 

overlapped ligand with the PXR-dependent down-regulated genes by HFD in livers of male 

mice. As shown in Fig. 11E-H, in livers of female mice, the top chemical that is known to 

reverse the PXR-dependent up-regulated gene signatures is rottlerin, which is a fruit extract 

known to reduce oXidative stress [55]. Several experimental chemicals are also known to 

reverse the PXR-dependent down-regulated gene signatures, although very little is known 

regarding the mechanisms. Corresponding to less liver injury, few ligands were enriched in 

either the up-regulated and the down-regulated PXR-targeted gene batteries. In summary, 

the gene expression signature of our study overlaid with the LINCS database showed that 

targeting the inflammation, cell proliferation, and oxidative stress pathways may serve as 

novel therapies to reduce PXR-mediated NAFLD.

3.4. Effect of HFD on gut microbiota diversity

Alpha diversity, which is a measure of the richness of the gut microbiome, was determined 

using the Chao 1 index (QIIME). Only males showed significant differences in species 

richness of the gut microbiome (alpha diversity) (Fig. 12A-B). Regarding beta diversity, 

there was a distinct separation between control and HFD-fed groups in WT males; however, 

there was minimal separation between control and HFD-fed groups for WT females, also 

for both sexes of PXR-KO mice (Fig. 12C-F). The top 14 most abundant taxa are shown 

in Fig. 12G and H. Most of these taxa were altered by diet and genotype, which mostly 

belong to the Firmicutes phylum. Notably, in males, PXR was associated with a more 

stringent separation in the gut microbiome composition between control and HFD treated 

groups (Fig. 13A), whereas a more diffusive and overlapping pattern was observed between 

control and HFD fed male PXR-KO mice and female mice of both genotypes. Interestingly, 

there was a PXR-dependent and male-specific down-regulation of the anti-inflammatory 

Bifidobacterium genus and up-regulation of the pro-inflammatory Lactobacillus genus 

(Fig. 13B), indicating a pro-inflammatory microbial signature that is associated with 

increased liver inflammation and liver injuries. The anti-obesity marker Allobaculum was 

down-regulated by HFD in a male-specific PXR-dependent manner, whereas the two pro-

inflammatory taxa Ruminococcus gnavus and Peptococcaceae were down-regulated in a 

PXR-dependent manner in females (Fig. 13B).

3.5. Unique microbial biomarkers and effect of HFD on firmicutes/Bacteriodetes (F/B) 
ratio

The most prominent microbial biomarkers in each treatment group varied by sex, genotype 

and diet as follow in Fig. 14A. The F/B ratio, a hallmark for obesity, was up-regulated by 

HFD in male (and to a much lesser extent female) WT mice in a PXR-dependent manner 
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(Fig. 14B). Moreover, the F/B ratio remained unchanged by HFD in female PXR-KO mice. 

Thus, it is possible that PXR exacerbates diet-induced obesity partly through modulation of 

the gut microbiome.

3.6. Correlations among differentially regulated intestinal bacteria, bona fide PXR target 
genes, and liver bile acids following HFD treatment

Pearson’s correlation was performed between differentially regulated intestinal bacteria and 

PXR-target genes that are differentially regulated by HFD in a PXR-dependent manner 

(i.e. bona fide PXR-target genes), as well as between differentially regulated bacteria and 

hepatic BAs (Fig. 15A-D). For bona fide PXR-target genes, we focused on 3 categories, 

Xenobiotic biotransformation (including BA-metabolizing enzymes), energy metabolism, 

and inflammation.

In general, there were more intestinal bacteria and PXR-target genes associations in male 

mice than female mice. In male mice, 3 taxa in the Bifidobacterium genus were negatively 

associated with drug-processing genes and inflammation genes, whereas, 3 taxa in the 

Lactobacillus genus were positively associated with drug-processing and inflammation 

genes (Fig. 15A-B).

In male livers, there was a positive association between Allobaculum, S24–7, and 

Bifidobacterium genus in intestine and most of the liver BAs, except for T-αMCA and 

T- ßMCA, which were negatively associated (Fig. 15C). Conversely, there was a negative 

association between Lactobacillus genus and Bacteroides caccae and most of the liver 

BAs except for LCA which was positively associated (Fig. 15C). In female livers, there 

was a positive association between Desulfovibrio with most of the liver BAs except for 

T-αMCA, T- ßMCA, T-LCA, DCA, and LCA, which had negative association (Fig. 15D). 

However, there was a negative association between Allobaculum with most of the liver 

BAs except for T-LCA, which had positive association and T-HDCA. Furthermore, for 

Faecalibacterium prausnitzii, Jeotgalicoccus, Paenibacillus, Parabacteroides distasonis, and 

Collinsella aerofaciens, negative associations were shown in most of the liver BAs except for 

T-LCA, which was positively associated (Fig. 15D).

4. Discussion

Our study demonstrated that PXR is necessary in modulating the gut microbiome-liver 

axis to impact the susceptibility to HFD-induced obesity in a sex-specific manner, and 

gut microbiome is likely a mechanistic component in augmenting the liver steatosis and 

inflammation in PXR-carriers as illustrated in Fig. 16. Specifically, PXR is necessary for 

HFD-induced body weight gain and serum injury markers, worsened hepatic steatosis and 

inflammation, up-regulation of proinflammatory cytokines and microbial response genes 

in liver (indicating a leaky gut), as well as biomarkers for oXidative stress and liver 

cancer. PXR is also necessary in HFD-mediated down-regulation of tight junction protein 

Cldn5, which may further expose the hepatocytes to the harmful effects of microbial 

constituents. Mechanistically, this may be partly accounted for by PXR-dependent increase 

in the obesity hallmark Firmicutes/Bacteroides (F/B) ratio, which subsequently promotes 

an increase in energy harvest. PXR is also necessary in promoting HFD-mediated increase 
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in Lactobacillus, which is associated with weight gain, as well as HFD-mediated decrease 

in the anti-inflammatory Bifidobacterium and the anti-obesity Allobaculum. Interestingly, 

while Lactobacillus is known to be anti-inflammatory for probiotic use [56,57], it has been 

shown to be pro-inflammatory endogenously [58,59]. Thus the PXR-dependent increase in 

Lactobacillus is an indicator of gut-derived inflammation. Collectively, the PXR-dependent 

obesity and inflammation-prone gut microbiome signature contributes to elevated microbial 

constituents and pro-inflammatory cytokines within the gut-liver axis, and increases the 

expression of genes involved in microbial response, inflammation, and oXidative stress. 

This subsequently promotes liver injury as well as compensatory cell proliferation in a 

PXR-dependent manner. Sex serves as an additional modifying factor in the effect of the 

PXR-gut microbiome interactions on the susceptibility to HFD-induced NAFLD. The male-

predominant Bifidobacterium and Allobaculum likely make the male mice more susceptible 

to HFD-induced obesity and NASH because PXR promotes the HFD-mediated decrease in 

these beneficial taxa.

Besides the phenotypic parameters, the PXR is necessary for the distinct separation of 

microbiome signatures driven by HFD, increased F/B ratio (hallmark for obesity), decreased 

anti-obesity taxon Allobaculum, decreased anti-inflammatory taxa Bifidobacterium, and 

increased Lactobacillus taxa, which are anti-inflammatory for probiotic use [56,57], but it is 

actually shown to be pro-inflammatory endogenously [58,59]. PXR-dependent depletion of 

beneficial BAs by intestinal bacteria following HFD treatment may serve as an additional 

mechanism for worsened liver injuries. The protective mechanisms of PXR in females may 

be through PXR-mediated inhibition in the up-regulation of pro-inflammatory cytokines and 

microbial response genes, and PXR-mediated decrease in steatosis-related gene expression 

in female livers. The female-specific resistance to HFD induced liver injury may also be 

contributed by PXR-mediated down-regulation of pro-inflammatory bacteria (Ruminococcus 
gnavus and Peptococcaceae).

It is well known that inflammation is a critical mechanistic contributor to the toXicity 

of calories following HFD-induced obesity [19,60–62]. Prolonged HFD feeding in mice 

has been shown to lead to hepatic and colon inflammation as well as changes in the gut 

microbiome towards a pro-inflammatory configuration [63], however, very little is known 

regarding how PXR contributes to this process. Interestingly, pharmacological activation 

of PXR is well known to be antifibrogenic and anti-inflammatory through NFκB-signaling 

attenuation, which in turn reduces the expression of pro-inflammatory cytokines in animal 

models that recapitulate inflammatory bowel disease [17,64]. In contrast to these previous 

findings, our study demonstrated for the first time that during HFD-induced obesity, the 

presence of PXR actually promotes hepatic proinflammatory cytokine and chemokine 

gene expression, collagen 1α mRNA increase, as well as up-regulation of both innate 

and adaptive immune response in livers of male mice. Furthermore, the histopathological 

examination showing attenuated hepatic inflammation we observed in HFD-fed PXR-KO 

mice clearly demonstrated the critical roles of inflammation in PXR-mediated liver injury.

PXR is also necessary in preventing the HFD-mediated down-regulation of hepatic pro-

inflammatory signaling in male mice. Therefore, there appears to be context-specific 

duality of PXR in modulating inflammation during pharmacological (anti-inflammatory) 
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and pathophysiological (pro-inflammatory) conditions. Also in contrast to a previous study 

which demonstrated that the presence of PXR is necessary in preventing a leaky intestinal 

epithelium pathology under basal conditions [7], we observed that the presence of PXR 

is necessary in HFD-mediated hepatic increase in multiple pathways involved in defense 

against microbial response, suggesting that PXR contributes to bacterial translocation to 

liver during HFD-induced obesity to further exacerbate hepatic inflammation. Last but 

not least, PXR activation using the PCN reduced the abundance of the Bifidobacterium 
spp., which has been shown to protect the intestinal epithelial barrier in inflammatory 

models [30], however, in our current study, we demonstrated that the presence of PXR 

is necessary in HFD-mediated decrease in Bifidobacterium spp. Again, these observations 

have highlighted the context-specific duality of PXR under basal, pharmacological, and 

pathophysiological conditions.

Importantly, the present study is also among the first to show that during HFD-feeding, 

the presence of PXR is necessary in priming the gut microbiome towards an obesity-prone 

microbial configuration, and suggests that the gut microbiome serves as a mechanistic 

contributor to the exacerbation to HFD-induced obesity and liver injuries in PXR-carriers. 

Interestingly, the anti-obesity biomarker Allobaculum [65] was down-regulated by HFD in 

a PXR-dependent manner in both sexes, which supports that PXR aggravates HFD-induced 

obesity. In a previous study, Lactobacillus was shown to be higher in obese people [66], 

suggesting that PXR contributes to weight gain through Lactobacillus. As for F/B ratio, 

previous studies have shown that F/B ratio was increased during obesity [4,5]. In our 

study, F/B ratio was up-regulated by HFD in male WT mice in a PXR-dependent manner, 

suggesting that PXR promoted the HFD-induced increase in the F/B ratio and underlining 

the essential role of PXR in exacerbating diet-induced obesity through gut microbiome 

modulations. The observation that F/B ratio was not altered by HFD in female mice suggests 

that this may be the reason for female-specific resistance to HFD-induced obesity and 

remained unchanged by HFD in female PXR-KO mice. Together these observations suggest 

that PXR is necessary in modulation of the gut microbiome in a sex-specific manner, and 

that this may contribute to the pathogenesis of diet-induced obesity.

Distinct BAs are known to contribute to diet-induced obesity. In previous studies, 

supplementation of HFD with CA or CDCA and UDCA suppressed the developmental 

of obesity in mice [25,67]. Pearson correlation was used to identify relationships between 

the differentially regulated PXR-dependent bacteria taxa and liver BAs. In male mice, 

Lactobacillus was negatively associated with most of the BAs, whereas Allobaculum and 

Bifidobacterium genus were positively associated with most of the BAs. However, in 

female mice, Allobaculum genus was negatively associated with most of the BAs. In our 

study, Allobaculum and Bifidobacterium genus were down-regulated by HFD in male WT 

mice and had strong positive correlations with TCA, TCDCA, CA, CDCA, and UDCA, 

suggesting that these BAs could contribute to alleviation of diet-induced obesity. Another 

study suggested that FGF21 signaling is required for the beneficial effect of CA through 

decreasing the hepatic triacylglycerol [23]. In this study, serum FGF21 was increased in 

male WT mice, however, it was not able to protect against hepatic steatosis, suggesting that 

the compensatory up-regulation of FGF21 is necessary but not sufficient in alleviating the 

obesity phenotypes.
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Previous reports indicate that PXR regulates the gluconeogenic pathway to suppress 

hyperglycemia [68–70]. Moreover, the mouse PXR activator PCN suppressed blood glucose 

levels in fasting WT mice, but not in PXR-KO mice [71]. FGF21 is a liver-secreted hormone 

known to improve obesity-associated glucose and lipid dysregulation [72,73]. In NAFLD, 

both the mRNA and the serum levels of FGF21are elevated as a compensatory or protective 

response [74–76]. A previous report indicates that PXR ablation decreases hepatic Fgf21 
mRNA levels and completely abolishes circulating FGF21 levels [77]. Interestingly, in 

our current study, the basal serum FGF21 levels were markedly decreased in male PXR-

KO mice and the levels were not inducible by HFD, in contrast to HFD-fed male WT 

mice. It is therefore reasonable to suggest that the male specific HFD-mediated increase 

in fasting glucose levels due to PXR deficiency may result from the lack of FGF21 

induction in HFD-fed male PXR-KO mice. Furthermore, the PXR-dependent up-regulation 

of Lactobacillus may suppress hyperglycemia in HFD-fed male WT mice. This speculation 

is based on the literature evidence that several Lactobacillus species can reduce blood 

glucose concentrations through down-regulation of gluconeogenesis gene expression in liver 

or through down-regulation of glucose uptake transporter in intestinal epithelial cells, thus 

lack of the up-regulation of Lactobacillus in HFD-fed PXR-KO males may lead to increased 

blood glucose levels [78–80]. It is known that endogenous Fgf21 levels are elevated in 

obese mice and HFD-fed nonhuman primates [81,82]. Fgf21 is a known target gene of 

PPARα in liver [83], which is a well-known lipid sensor. It was shown previously that PXR 

activation by PCN down-regulates PPARα and plasma FGF21 [77], and that it is important 

to note that the HFD-mediated up-regulation of Fgf21 gene expression seen in this report is 

PXR-dependent. Hepatic inflammation is unique in HFD-fed male WT mice but to a much 

lesser extent in the other mouse strains, and it is known that increase in serum FGF21 occurs 

during inflammation likely as a compensatory response [76]. Therefore, the elevation of 

FGF21 we observed is likely PPARα-independent, but inflammation-dependent. Together, 

our results indicate that upregulation of FGF21 may be one of the mechanisms [68–71] by 

which PXR suppresses hyperglycemia.

The constitutive androstane receptor (CAR) is known to profoundly influence the 

composition of the gut microbiome, which may contribute to the basal gut cytokine levels 

that predispose certain individuals to GI inflammation. In a previous study, CAR showed 

anti-diabetic and anti-obesity effects from HFD-induced obesity mice model with a CAR 

agonist 1,4-bis[2-(3,5 dichloropyridyloXy)] benzene (TCPOBOP) [84]. In addition, the 

Cyp2b gene family are well known prototypical CAR-target genes, and can be profoundly 

induced by TCPOBOP [84]. Interestingly, in our study, hepatic mRNA of either Cyp2b9 
or Cyp2b10 or both were up-regulated by HFD in a PXR-dependent manner, suggesting 

that there is a crosstalk between PXR and CAR during HFD-induced obesity. It is possible 

that the absence of PXR-KO or the pharmacological inhibition of PXR might induce the 

results we found in this study. We therefore compared the basal differences in hepatic gene 

expression between WT and PXR-KO mice fed the control diet. Our results uncovered basal 

differences in several biological processing genes involved in immune response (Integrin 

alpha-L; Itgal, Complement factor H; Cfh, immunoglobulin gamma Fc region receptor II; 

Fcgr2b, Tyrosine-protein kinase; Fyn, and immunoglobulin gamma Fc region receptor III; 

Fcgr3), cellular lipid metabolic processes (Galactocerebrosidase; Galc, Bifunctional epoXide 
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hydrolase 2; EphX2, Transthyretin; Ttr, and Caveolin-1; Cav1), and regulation of protein 

metabolic processes (Folliculin; Flcn, Folliculin-interacting protein 1;Fnip1, Cfh, Fcgr2b, 

Fcgr3, and Fyn) (Fig. 9A). Furthermore, cytochrome P450s genes, including Cyp2a4, 

Cyp3a16, and Cyp3a41, were up-regulated in male PXR-KO mice compared to male WT 

mice. However, the basal difference in female mice showed fewer biological processing 

genes than those of the male mice, including genes involved in positive regulation of 

fatty acid biosynthetic process (Apoplipoprotein A-1; Apoa1 and Angiotensinogen; Agt), 

negative regulation of interleukin-1 beta production (Apoa1), and drug metabolism (Cy2b10, 

UDP-glucuronosyltransferase; Ugt2b1, and Aldehyde oXidase; AoX1) (Fig. 9B). Cyp2b10 

was down-regulated while Ugt2b1 was up-regulated due to PXR deficiency in female mice. 

Therefore, differences in the basal gene expression should be considered when interpreting 

these results. PXR and CAR are known to share many common target genes [85], however, 

it is important to note that their metabolic roles during HFD feeding are different, in 

that PXR worsens HFD-induced obesity through modulating the gut microbiome and 

hepatic inflammation (present study), whereas CAR alleviates HFD-induced obesity through 

modulating lipid and carbohydrate pathways in liver and adipose tissue [84].

The present study predicted the end-stage disease outcomes through comparing the 

HFD-regulated, PXR-dependent hepatic transcriptomic signatures with the Diseases/Drugs 

panel from the LINCS 1000 database. The hepatic transcriptome signatures resemble pro-

carcinogenic profile, because the majority of the top hits are anti-cancer drugs, which 

indicate that chronic HFD-induced hepatic steatosis and inflammation may eventually lead 

to liver cancer through PXR.

Another important host receptor involved in obesity and BA metabolism is the farnesoid 

X receptor (FXR). FXR is the major BA-sensing receptor and has a well-established role 

in combating obesity [86]. To investigate the potential interaction between FXR and the 

PXR-gut microbiome mediated NAFLD status, we examined the expression of direct FXR-

target genes according to a previous study on genome-wide FXR-DNA binding landscape 

in mouse liver and intestine in vivo [87], namely Nr0b2 (SHP [small heterodimer partner]); 

Abcb11 (Bsep [bile salt export pump]); Slc51a (Osta [organic solute carrier alpha]); Slc51b 

(Ostb [organic solute carrier beta); Slc10a2 (Asbt [apical sodium bile salt transporter]); 

Slc10a1 (Ntcp [sodium taurocholate transporting polypeptide]); Fgf15 (fibroblast growth 

factor 15); Fabp6 (fatty acid binding protein 6); and Nr1i2 (PXR). Among them, Ntcp, Bsep, 

Asbt, SHP and PXR are expressed in liver (mean probe intensity > 100). Unexpectedly, none 

of the FXR-target genes were affected by HFD in either sex or genotype (Data not shown). 

Therefore, it is unlikely that FXR plays a significant role in interacting with gut microbiota 

and host inflammation in WT and PXR-KO mice during HFD exposure.

The present study has certain limitations. For example, our observations on the role of 

gut-liver axis in PXR-mediated potentiation of HFD-induced liver injury remain at the 

association level. Follow up studies using germ free mice or antibiotics-treated mice in PXR-

null background will be helpful in addressing the necessity of gut microbiome in worsening 

PXR-mediated liver injury during HFD exposure. Additionally, our novel findings that HFD-

mediated, PXR-dependent down-regulation of Bifidobacterium and Allobaculum as well as 

upregulation of Lactobacillus as well as other pro-inflammatory taxa are likely important 
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contributors at single taxa level to modulate the pathogenesis of liver damage; however, 

individual microbe inoculation experiments are needed to further test our hypothesis.

Taken together, this study suggests the mechanisms underlying the PXR-dependent 

exacerbation of HFD-induced obesity may involve the contribution of the gut microbiome, 

which associates with increased expression of hepatic genes related to microbial 

response and the subsequent increase in hepatic inflammation based on both gene and 

histopathological investigations. Therefore, targeting the gut microbiome may serve as a 

novel approach to modulating the hepatic PXR-signaling and obesity outcomes.
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PXR pregnane X receptor

NAFLD non-alcoholic fatty liver disease

WT wild-type

PXR-KO pregnane X receptor-knockout

HFD high-fat diet

BA bile acid

NASH non-alcoholic steatohepatitis

F/B Firmicutes/Bacteroidetes

IPA indole-3 propionic acid

LCA lithocholic acid

GF germ free

PBDE polybrominated diphenyl ethers

PCN pregnenolone 16α carbonitrile

IBD inflammatory bowel disease

NF-κB nuclear factor kappa B

TNFα tumor necrosis factor alpha
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Il-10 interleukin 10

Il-12β interleukin 12 subunit beta

CX3cl1 chemokine (C-X3-C motif) ligand 1

TLR toll-like receptor

LM Listeria monocytogenes

CA cholic acid

HDL high-density lipoprotein

ER endoplasmic reticulum

DCA deoXycholic acid

FXR farnesoid X receptor

PCB polychlorinated biphenyls

WAT white adipose tissue

BAT brown adipose tissue

ALT alanine aminotransferase

FGF fibroblast growth factor

Cldn5 claudin 5

LPS lipopolysaccharide

Ly96 lymphocyte antigen 96

App amyloid beta precursor protein

Cfh complement factor H

Il2rg interleukin 2 receptor subunit gamma

Clec7a C-type lectin domain containing 7A

Nrf2 nuclear factor erythroid 2 like 2

GpX4 glutathione peroXidase 4

Lgals1 galectin 1

Mdm2 MDM2 proto-oncogene

Mapk3 mitogen-activated protein kinase 3

Ptpra protein tyrosine phosphatase receptor type A

Pea15a proliferation and apoptosis adaptor protein 15
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Tgfb1 transforming growth factor beta 1

LINCS Library of Integrated Network-based Cellular Signatures

Epg epidermal growth factor receptor

Pdgfbb platelet derived growth factor subunit B

Il4 interleukin 4

Hbegf herparin binding EFG like growth factor

Btc betacellulin

Epr epiregulin

QIIME Quantitative Insights Into Microbial Ecology

CAR constitutive androstane receptor

GI gastrointestinal

TCPOBOP 1,4-bis[2-(3,5 dichloropyridyloXy)] benzene

H&E hematoXylin and eosin

QMR quantitative magnetic resonance

LIC large intestinal content

IGTT intraperitoneal glucose tolerance test

UPLC-MS/MS Ultra Performance Liquid chromatography-tandem mass 

spectrometry

QC quality control

FDR false discovery rate

PCA Principle Component Analysis

OTUs operational taxonomy units
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Fig. 1. 
The effect of HFD on obesity phenotypes in male and female WT and PXR-KO mice. 

(A). Body weights of male mice (B). Body weights of female mice (C). Weight gain. Data 

represent mean ± SEM (n = 7–11). Hepatic gene expression of (D). pregnane X receptor 

(Pxr) (E). Cyp2b19 (F). Cyp2b10, (G). Collage 1α, and Gapdh mRNAs were quantified 

as described in Materials and Methods. Data represent mean ± SEM (n = 5–6). #P < 0.05 

between mice fed control and high-fat diet (HFD). †P < 0.05 between male mice fed HFD. 

βP < 0.05 between male and female mice fed HFD. §P < 0.05 between female mice fed 

HFD.
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Fig. 2. 
Characterization of hepatic histology, hepatic lipid levels and hepatic inflammatory 

cytokines gene expression in male and female WT and PXR-KO mice. (A). HematoXylin 

and eosin (H&E) staining of liver sections. (B). Hepatic triglyceride levels (C). Lipid 

accumulation and inflammation pathology scores from histology of liver sections in control 

diet and HFD-fed WT and PXR-KO mice. A scale of 0 (no injury) to 5 (most severe 

injury) was used to assign the pathology scores in a double-blinded manner by a licensed 

pathologist. (D). Lipid accumulation (steatosis) and (E). Inflammation from histology of 

liver sections in control diet and HFD-fed WT and PXR-KO mice. Data represent mean ± 

SEM (n = 7–11). Hepatic gene expression of (F). Tnfα (G). Il-10 (H). Il-12β (I). Cx3cl1. 
Data represent mean ± SEM (n = 4–6). #P < 0.05 between mice fed control and high-fat diet 

(HFD). †P < 0.05 between male mice fed HFD. βP < 0.05 between male and female mice 

fed HFD.
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Fig. 3. 
Blood glucose levels during GTTs in male and female WT and PXR-KO mice fed control 

diet or a HFD. Intraperitoneal glucose tolerance test (IGTT) was performed after mice had 

been on the control diet or HFD for 15 weeks. IGTT was conducted on overnight fasting 

(12–15 h of starvation) animals and glucose levels were measured from blood collected from 

the tail vein using Contour TS blood glucose strips (Bayer HealthCare LLC, Mishawaka, 

IN).as described in Materials and Methods. IGTT assessed for (A). male WT mice (B). 

female WT mice (C). male PXR-KO mice (D). female PXR-KO mice. (E). Area under the 

curve (AUC) for the GTT calculated using Sigma Plot 12. 0 (Systat Software, Inc., San Jose, 

CA). Data represent mean ± SEM (n = 7–9). *P < 0.05 between male mice fed control diet. 

‡P < 0.05 between male and female mice fed control diet. #P < 0.05 between mice fed 

control and high-fat diet (HFD). †P < 0.05 between male mice fed HFD. βP < 0.05 between 

male and female mice fed HFD
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Fig. 4. 
The effect of HFD on hepatic transcriptome in male and female WT and PXR-KO mice 

from the liver microarray experiments. (A). A Venn Diagram showing the common and 

uniquely regulated genes by HFD in each paired comparison (MWTHFD-MWTCT: effect 

of HFD over control in livers of male WT mice; FWTHFD-FWTCT: effect of HFD 

over control in livers of female WT mice; MPXRKOHFD-MPXRKOCT: effect of HFD 

over control in livers of male PXR-KO mice; FPXRKOHFD-FPXRKOCT: effect of HFD 

over control in livers of female PXR-KO mice). Data were analyzed using the limma 

R package and controlled for errors of multiple testing (adjusted p-value < 0.05). (B). 

Principal component analysis (PCA) in control and HFD-exposed groups in each sex and 

genotype using the prcomp function. (C). Two-way hierarchical clustering dendrograms 

of differentially regulated genes by HFD in MWT, FWT, MPXR-KO, and FPXR-KO 

conditions, as generated by the heatmap.2 function in the gplots R package. The numbers 
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on the y-axis indicate the total number of differentially regulated genes by HFD (adjusted 

p-value < 0.05). Red represents relatively high expression, blue represents relatively low 

expression. (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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Fig. 5. 
String analysis showing the uniquely regulated pathways by HFD in livers of male WT 

(MWT) mice from the liver microarray experiments. Genes that were differentially regulated 

by HFD only in MWT (adjusted p-value < 0.05), but not in FWT, MPXR-KO, or FPXR-KO, 

were used as input. The full network with the edges based on highest confidence indicating 

both functional and physical protein associations was examined. Disconnected nodes in the 

network are not shown. All the differentially regulated (FDR < 0.05) KEGG Pathways are 

shown in the bottom table.
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Fig. 6. 
String analysis showing the uniquely regulated pathways by HFD in livers of male PXR-KO 

(MPXR-KO) mice from the liver microarray experiments. Genes that were differentially 

regulated by HFD only in MPXR-KO MWT (adjusted p-value < 0.05), but not in MWT, 

FWT, or FPXR-KO, were used as input. The full network with the edges based on highest 

confidence indicating both functional and physical protein associations were examined. 

Disconnected nodes in the network are not shown. All the differentially regulated (FDR < 

0.05) KEGG Pathways are shown in the bottom table.
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Fig. 7. 
String analysis showing the uniquely regulated pathways by HFD in livers of female WT 

(FWT) mice from the liver microarray experiments. Genes that were differentially regulated 

by HFD only in FWT (adjusted p-value < 0.05), but not in MWT, MPXR-KO, or FPXR-KO, 

were used as input. The full network with the edges based on highest confidence indicating 

both functional and physical protein associations was examined. Disconnected nodes in the 

network are not shown. All the differentially regulated (FDR < 0.05) KEGG Pathways are 

shown in the bottom table.
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Fig. 8. 
String analysis showing the uniquely regulated pathways by HFD in livers of female PXR-

KO (FPXR-KO) mice from the liver microarray experiments. Genes that were differentially 

regulated by HFD only in FPXR-KO (adjusted p-value < 0.05), but not in MWT, FWT, 

or MPXR-KO, were used as input. The full network with the edges based on highest 

confidence indicating both functional and physical protein associations was examined. 

Disconnected nodes in the network are not shown. All the differentially regulated (FDR 

< 0.05) KEGG Pathways are shown in the bottom table.
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Fig. 9. 
String analysis showing the uniquely regulated pathways by control diet in livers of male 

and female WT and PXR-KO mice from the liver microarray experiments. (A). Basal gene 

expression differentially regulated by control diet in male WT and PXR-KO mice. (B). Basal 

gene expression differentially regulated by control diet in female WT and PXR-KO mice. 

The full network with the edges based on highest confidence indicating both functional 

and physical protein associations was examined. Disconnected nodes in the network are not 

shown.
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Fig. 10. 
mRNA expression of differentially regulated genes involved in tight junctions and microbial 

response from the liver microarray experiments. (A). tight junctions, (B). inflammation, (C). 

indicators of oXidative stress, (D). apoptosis, (E). cell proliferation and cancer are shown. 

Asterisks represent statistically significant differences between HFD and the control group 

of the same sex and genotype (limma, adjusted p-value < 0.05).
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Fig. 11. 
(A). Overlay between HFD-up-regulated bona fide PXR-target genes in livers of male mice 

from the liver microarray experiments and the up-regulated ligand molecules in the LINCS 

L1000 Ligand Perturbations Database (https://lincsproject.org/). The top 10 significantly 

enriched ligands with the significance score (−log10[p-value]) are shown. (B). Overlap 

between HFD-up-regulated bona fide PXR-target genes in livers of male mice and the drugs 

that were able to down-regulate these genes in the LINCS L1000 Ligand Perturbations 

Database. The top 10 significantly enriched drugs with the significance score (−log10[p-

value]) are shown. (C). Overlay between HFD-down-regulated bona fide PXR-target genes 

in livers of male mice and the down-regulated ligand molecules in the LINCS L1000 Ligand 

Perturbations Database. The top 10 significantly enriched ligands with the significance 

score (−log10[p-value]) are shown. (D). There was no enrichment between the HFD-down-

regulated bona fide PXR target genes in livers of male mice and the drugs that were able 
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to up-regulate these genes in the LINCS L1000 Ligand Perturbations Database. (E). There 

was no overlay between HFD-up-regulated bona fide PXR-target genes in livers of female 

mice and the up-regulated ligand molecules in the LINCS L1000 Ligand Perturbations 

Database. (F). Overlay between HFD-up-regulated bona fide PXR-target genes in livers 

of female mice and the down-regulated ligand molecules in the LINCS L1000 Ligand 

Perturbations Database (there was no overlap between this groups of genes with the up-

regulated ligand molecules). The top 10 significantly enriched ligands with the significance 

score (−log10[p-value]) are shown. (G-H). Top: overlay between HFD-down-regulated bona 

fide PXR-target genes in livers of female mice and the down-regulated ligand molecules 

in the LINCS L1000 Ligand Perturbations Database. The top 10 significantly enriched 

ligands with the significance score (– log10[p-value]) are shown. Bottom: overlay between 

HFD-down-regulated bona fide PXR-target genes in livers of female mice and the drugs that 

are able to up-regulate these genes in the LINCS L1000 Ligand Perturbations Database. The 

top 10 significantly enriched drugs with the significance score (−log10[p-value]) are shown.
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Fig. 12. 
The effect of HFD on the gut microbiome from the 16S rDNA sequencing experiments. 

(A-B). Alpha diversities (Chao1 index) of gut microbiota in WT and PXR-KO male and 

female mice exposed to control diet and high fat diet (n = 6 per group). The data were 

analyzed using QIIME as described in the Materials and Methods section. (C-D). Beta 

diversities of LIC microbiota in male WT and PXR-KO mice exposed to control and high fat 

diet. (E-F). Beta diversity of LIC microbiota in female WT and PXR-KO mice exposed to 

control and high fat diet. Differentially regulated intestinal bacteria at the species level (L7) 

from (G) male and (H) female mice (n = 5–6 per group) (16S rDNA sequencing). Asterisks 

(*) represent statistically significant differences as compared with control diet and high fat 

diet groups; pounds (#) represent statistically significant differences as compared with WT 

and PXR-KO genotype groups (two-way ANOVA; statistical significance was considered at 

p < 0.05).
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Fig. 13. 
The effect of HFD on the gut microbiome from the 16S rDNA sequencing experiments. 

(A) Beta diversity of male and female WT and PXR-KO mice as shown by PCA plots. 

(B) Differentially regulated bacteria at a species level. Asterisks (*) represent statistically 

significant differences as compared with control diet and high fat diet groups; pounds (#) 

represent statistically significant differences as compared with WT and PXR-KO genotype 

groups (two-way ANOVA; statistical significance was considered at p < 0.05).
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Fig. 14. 
The effect of HFD on bacteria species level from the 16S rDNA sequencing experiments. 

(A). LEfSe (Linear discriminant analysis Effect Size) of males and females WT and PXR-

KO control and high fat diet fed. (B). Ratio of F/B of WT and PXR-KO control and HFD. 

Asterisks (*) represent statistically significant differences as compared with control diet and 

high fat diet groups.
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Fig. 15. 
Pearson correlations between PXR-dependent liver genes (liver microarray) or hepatic bile 

acids (UPLC-MS/MS) and gut microbiota/microbial metabolites (16S rDNA sequencing/

LC-MS) following HFD ingestion. (A-B). Pearson correlation of differentially regulated 

intestinal bacteria and PXR-dependent HFD-regulated liver genes in the following category: 

Xenobiotic biotransformation & bile acid metabolism, energy metabolism, as well as 

inflammation (C-D). Pearson correlations of liver bile acids and differentially regulated 

intestinal bacteria of male and female WT and PXR-KO mice as regulated by HFD.
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Fig. 16. 
Summary diagram of key findings of the study. PXR promotes hepatic steatosis and 

inflammation through gut microbiome in a male-specific manner. PXR worsens HFD-

induced hepatic steatosis and inflammation accompanied by a PXR-dependent obesity- and 

inflammation-prone gut microbiome signature.
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