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Abstract
Pregnane X receptor (PXR) is a drug receptor with novel functions in promoting non-alcoholic fatty liver
disease (NAFLD). We hypothesize that PXR worsens NAFLD accompanied by gut dysbiosis. Wild-type
and PXR-knockout mice were fed control or high fat diet (HFD) for 16-weeks. Serum parameters, liver
histopathology, transcriptomic pro�ling, 16S-rDNA sequencing, and bile acid (BA) metabolomics were
performed. PXR enhanced HFD-induced weight gain, hepatic steatosis and in�ammation especially in
males, accompanied by male-speci�c and PXR-dependent up-regulation in pro-in�ammatory cytokines
and microbial response-related genes in liver, an increase in intestinal Firmicutes/Bacteroides ratio
(hallmark of obesity) and the pro-in�ammatory Lactobacillus, and a decrease in the anti-obese
Allobaculum and the anti-in�ammatory Bi�dobacterum. The gut dysbiosis was associated with a
reduction of hepatic bene�cial BAs in males. In conclusion, PXR exacerbates hepatic steatosis and
in�ammation accompanied by obesity- and in�ammation-prone gut microbiome signature, suggesting
that gut microbiome may contribute to PXR-mediated exacerbation of NAFLD.

Introduction
NAFLD is a progressive disease associated with obesity, usually accompanied by steatosis and
in�ammation, 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 modi�er of host xenobiotic biotransformation. Besides its well-
characterized role in xenobiotic biotransformation, PXR plays novel roles in lipid and glucose metabolism
(6).  Human PXR gene variants are associated with disease severity in NAFLD (7), potentially leading to
liver steatosis (8).  PXR-KO mice are more resistant to diet-induced obesity, suggesting that PXR promotes
metabolic syndrome (9, 10).  However, the molecular mechanisms is unknown.

Aside from playing a role in energy metabolism (e.g. type 2 diabetes, obesity and hyperglycemia),
pharmacological activation of PXR is known to have anti-in�ammatory functions. The microbial
tryptophan metabolite, Indole-3 propionic acid (IPA) is a novel PXR activator that down-regulates the pro-
in�ammatory tumor necrosis factor alpha (TNFα) and toll-like receptor (TLR) pathway in intestine of mice
(11). The PXR ligand PCN is bene�cial in reducing in�ammation in a mouse model of in�ammatory
bowel disease (IBD) through inhibiting the nuclear factor kappa B (NF-κB) transcription factor and down-
regulating the NF-κB-targeted pro-in�ammatory cytokines in mice (12).  Activation of PXR also inhibits
in�ammation by inhibiting toll-like receptor (TLR4) pathway, thus preventing the overproduction of pro-
in�ammatory cytokines. This mechanism results to Listeria monocytogenes (LM) infection in WT mice
but not in PXR-KO mice (13, 14).  Since in�ammation is well-known to be an imbedded mechanism of
many obesity-related diseases (15) and that PXR is known to have anti-in�ammatory functions, it
appears contradictory that PXR de�ciency worsens obesity, highlighting the need for follow-up
investigations regarding the interplay between PXR and in�ammation during the pathogenesis of obesity.
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In addition to its well-characterized role in obesity, the gut microbiome is increasingly recognized as an
important modi�er for host xenobiotic biotransformation pathways and drug metabolism. In germ free
(GF) mouse models, it was shown that the expression of xenobiotic-processing genes were altered, such
as cytochrome P450 (Cyp) enzymes and other phase I oxidases (16).  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 levels of Cyp3a11 and mRNA decreased by 87% in
livers of GF mice, suggesting that the presence of gut microbiome is necessary in maintaining the
constitutive PXR signaling in liver (17).  The absence of gut microbiota 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 (18).  In summary, the gut
microbiome is an important modulator for host xenobiotic metabolism and PXR signaling.

Another 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 (19).  Cholic acid (CA), a primary liver-derived BA, decreases high-density
lipoprotein (HDL) cholesterol, plasma apolipoprotein AI and hepatic apolipoprotein AI mRNA in mice (20). 
Additionally, CA supplementation in HFD-fed mice improved glucose tolerance and decreased total body
fat accretion and fasting blood glucose concentrations (21, 22).  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 (23).  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
(24).  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 liver injury in mice, highlighting the
importance of gut microbiome in modulating the hepatic PXR-signaling (25).  When BAs are toxic at high
concentrations such as during cholestasis, PXR acts in concert with the major BA receptor farnesoid X
receptor (FXR) to modulate BA detoxi�cation 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 modi�ed
metabolites that are major regulators of the gut microbiome, which can be a key �nding 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 nonalcoholic fatty liver disease (NAFLD) in mice (28, 29). Another
study also stated that PXR gene variants are associated with disease severity in NAFLD with the
xenobiotic exposure (7) that may also lead to steatosis in the liver of mice and human (8). Therefore, it is
reasonable to speculate that the therapeutic modulation of PXR and BAs may be bene�cial in managing
diabetes and metabolic diseases.

We and other research groups have recently demonstrated that PXR can modulate the gut microbiome.
The pharmacological activation of PXR by its prototypical ligands PCN alters the composition of the gut
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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 (a 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-in�ammatory bacteria,
suggesting that the basal function of PXR is to maintain immune surveillance to prevent pathogen
infections (Little et al. 2020 https://doi.org/10.21203/rs.3.rs-36593/v1).  In summary, the gut microbiome
composition and functions can be modulated by PXR under pharmacological, toxicological, and
physiological conditions.

While there are many studies demonstrating the effects of PXR and the gut microbiome on obesity, the
extent of 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-speci�c manner.

Results
EFFECT OF HIGH FAT DIET 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.  The depletion of PXR in PXR-KO was con�rmed by RT-qPCR in livers of these mice (Fig.
S1).  Daily food consumption by weight was higher in HFD-fed mice group than control diet-fed group of
the same genotypes and sexes (Fig. S2).  In addition, HFD-fed female PXR-KO mice consumed less food
than female WT mice (Fig. S2).

In both male and female WT mice, HFD markedly increased the body weight starting from Week 2 to the
end of the HFD exposure at week 16 (Fig. 1A). Interestingly, 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. In addition, the percentage
of 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.

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 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

https://doi.org/10.21203/rs.3.rs-36593/v1
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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 and females in a PXR-dependent manner. Together, these observations suggest that the
presence of PXR promotes obesity related metabolic parameters and male mice are more susceptible to
HFD-induced liver and fat mass gain than females.

Regarding the serum metabolic parameters, as shown in Table 1, in males, HFD increased serum alanine
aminotransferase (ALT), which is a well-established biomarker for liver injury (36), increased serum total
bile acids (BAs), which is an indicator of cholestatic liver injury (37) and increased �broblast growth
factor 21 (FGF21), which is a liver-derived hormone that promotes hepatic fatty acid oxidation,
ketogenesis, and insulin sensitivity (38), all in a PXR-dependent manner.  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 bene�cial in maintaining
insulin sensitivity (as evidenced by increased fasting glucose in male PXR-KO mice).

H&E staining was performed in control and HFD-fed mice to determine the effects of PXR and sex on lipid
accumulation and in�ammation.  The presence of PXR promoted HFD-induced substantial increase in
lipid accumulation (observed mostly as macrovesicular with some microvesicular steatosis) as well as
greater in�ammatory cell in�ltration in both male and female WT mice, whereas such phenotype was
much attenuated in the absence of PXR in both sexes (Fig.1B-1D).  In addition, HFD-fed male WT mice
had even more lipid accumulation and in�ammation than HFD-fed female WT mice.  Col1a1 mRNA was
increased by HFD in male mice in a PXR-dependent manner; COL1A1 is a well-known early biomarker for
liver �brosis and hepatocellular carcinoma (39).  Mild necrosis was also observed in livers of HFD-fed
male WT mice with no noteworthy signs of apoptosis, �brosis, and/or biliary hyperplasia by HFD
exposure in either sexes or genotypes (Data not shown).  HFD increased the levels of hepatic triglyceride
in PXR-dependent manner in both sexes (Fig. S3A).  In summary, these results indicate that PXR in both
male and female mice promotes HFD-induced body weight gain, steatosis, in�ammation and hepatic
triglyceride accumulation. 

 

EFFECT OF HIGH FAT DIET ON GLUCOSE TOLERANCE

Impaired glucose tolerance is the earliest identi�able metabolic abnormality in the pathogenesis of type II
diabetes. To establish whether PXR or sex has any in�uence 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.
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1E).  Notably, in male mice, de�ciency of PXR resulted in a higher area under the curve (AUC) of serum
glucose in both control diet and HFD groups.  This observation aligns with the �nding that PXR-KO males
had elevated increased fasting glucose (Table 1), and suggests that PXR is bene�cial 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. S3B).   Together
these observations suggest that although the presence of PXR worsens HFD-induced lipid accumulation
and in�ammation, its role in insulin signaling is divergent and sex-speci�c.

 

HFD-MEDIATED FUNCTIONAL CHANGES PREDICTED FROM HEPATIC TRANSCRIPTOMIC RESPONSE

To examine the role of PXR in the HFD-mediated hepatic transcriptomic response in liver, we employed
microarray and predicted functional changes using Gene ontology (GO) enrichment analysis.  HFD
produced a distinct separation in the liver transcriptomes in both genotypes and sexes (Fig. S4). 
Interestingly, the presence of PXR was associated with the HFD-mediated hepatic up-regulation in
multiple pro-in�ammatory signaling pathways and microbial responses in male mice (Fig. 2A),
suggesting the presence of a leaky gut.  These observations suggest the importance of an indirect role for
PXR in regulating the gut microbiome community to modify hepatic transcriptome along the gut-liver
axis.  In contrast, in livers of male PXR-KO mice, neither pro-in�ammation nor microbial response
pathways were enriched (FDR < 0.01 cut-off, Fig. 2B).

In male mice, the presence of PXR did not enrich down-regulated hepatic pathways following HFD-
exposure (Fig. 2C); whereas the absence of PXR potentiated HFD-mediated down-regulation of several
pathways related to immune cell mobilization/in�ltration (Fig. 2D)and positive regulation of leukocyte
and cell activation.  Other down-regulated functions related to immune response include antimicrobial
humoral immune response mediated by antimicrobial peptide and acute in�ammatory response.  In
addition, the down-regulation of superoxide anion generation and sensory responses was potentiated by
the absence of PXR.

In HFD-fed female mice, the absence of PXR potentiated the up-regulation of pathways involved in pro-
in�ammation and microbial response (Fig. S5A-S5B), suggesting that PXR in females may render
protection against HFD-induced injuries (Fig. S5).  The presence of PXR drives the HFD-mediated down-
regulation of several lipid and nucleotide metabolism pathways, whereas the absence of PXR potentiates
the hepatic down-regulation of pathways involved in hormonal response and thermogenesis in females
(Fig. S5C-S5D).

Together these observations suggested PXR-dependent and sex-divergent regulation of the hepatic
transcriptome following HFD exposure. Observations in HFD-fed male mice suggest that  PXR contributes
to HFD-induced liver injury in male mice by promoting pro-in�ammatory cascade and microbial response
and preventing the down-regulation of immune cell in�ltration and oxidative stress.  Observations in HFD-
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fed female mice suggest that PXR offers protection against HFD-induced liver injury by preventing a pro-
in�ammatory cascade and microbial response.

 

HFD-INDUCED PXR-DEPENDENT AND -INDEPENDENT GENE EXPRESSION IN LIVER

To determine the importance of PXR in HFD-mediated changes in intermediary metabolism, microarray
analysis was done for differentially regulated genes involved in the following pathways: lipid metabolism,
carbohydrate metabolism, cholesterol and BA metabolism, as well as nuclear receptor signaling (Fig.
3A).  In WT male livers, HFD increased the expression of lipid metabolism-related genes Abcd2, Apoa4,
and Echs1, but decreased the expression of cholesterol metabolism-related genes Abca1, Cyp4a12a, and
Cyp4a12b and the BA synthetic enzyme Cyp7a1, all in a PXR-dependent manner (Fig. 3A).  In WT female
livers, HFD increased the expression of lipid metabolism-related genes Acadm, Apoc2, Elovl3, and Mtor
and most of the genes related to cholesterol and BA metabolism  (Slc10a2, Abcb4, and Srebf2 except for
Mbtps1), whereas HFD decreased the expression of lipid metabolism-related genes Fabp5 and Slc25a17,
most of the genes related to glucose and glycogen metabolism (Gpd2, Gpi1, and Pygl except for Entpd5),
and nuclear receptor genes Nr2c1 and Nr3c1 in a PXR-dependent manner (Fig. 3B).

In male PXR-KO mice livers, HFD increased the expression of some genes related to lipid metabolism
(Acaa1a, Apoa1, Hadha, and Phyh) and glucose metabolism (Gpd1 and Pdha1), but decreased the
expression of other genes related to lipid metabolism (Npc2 and Ppargc1a) and cholesterol metabolism
(Sqle) (Fig. 3C).  In female PXR-KO mice livers, HFD increased the expression of lipid metabolism-related
genes Decr2 and Fads1 and the glucose metabolism-related gene Gck (Fig. 3D).

To examine the potential therapeutic signi�cance of hepatic transcriptomic changes following HFD
treatment, we compared PXR-dependent gene expression signatures with the Library of Integrated
Network-Based Cellular Signatures (LINCS) L1000 database (Fig. 3E). In Fig. 3E (top left), the drugs and
endogenous ligands that most closely match the up-regulated signatures for male PXR-dependent
changes by HFD are all cancer-related (details described in Table S2-3). In females, PXR dependent HFD-
mediated gene expression signatures match the LINCS L1000 database related to innate immunity, self-
regulation, and cancer treatment (Table S4-5). In summary, the gene expression signature resembled the
ones in LINCS database of in�ammation, self-regulation, and cancer treatments.  These therapeutic
options may be bene�cial to mitigate PXR-dependent liver toxicities.

 

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 signi�cant differences in species richness of the gut
microbiome (alpha diversity) (Fig. S7A).  Regarding beta diversity, there was a distinct separation
between control and HFD-fed groups in WT males; however, there was minimal separation between
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control and HFD-fed groups for WT females, also for both sexes of PXR-KO mice (Fig. S7C-F).  The top 14
most abundant taxa are shown in Fig. S8A-B.  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. 4A), 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-speci�c down-regulation of the anti-
in�ammatory Bi�dobacterium genus and in the pro-in�ammatory Lactobacillus genus (Fig. 4B),
indicating a pro-in�ammatory microbial signature that is associated with increased liver in�ammation
and liver injuries.  The anti-obesity marker Allobaculum (35) was down-regulated by HFD in a male-
speci�c PXR-dependent manner, whereas the two pro-in�ammatory taxa Ruminococcus gnavus and
Peptococcaceae were down-regulated in a PXR-dependent manner in females.

 

UNIQUE MICROBIAL BIOMARKERS AND EFFECT OF HFD ON FIRMICUTES/BACTEROIDETES (F/B) RATIO

The most prominent microbial biomarkers in each treatment group varied by sex, genotype and diet as
follow in Fig. 5A.  The F/B ratio, an indicator of obesity (36), was up-regulated by HFD in male (and to a
much lesser extent female) WT mice in a PXR-dependent manner (Fig. 5B).  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.

 

CORRELATIONS AMONG DIFFERENTIALLY REGULATED INTESTINAL BACTERIA, BONA FIDE PXR-
TARGET GENES, AND LIVER BAs 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 �de PXR-target
genes), as well as between differentially regulated bacteria and hepatic BAs (Fig. 6A-D).  For bona �de
PXR-target genes, we focused on 3 categories, xenobiotic biotransformation (including BA-metabolizing
enzymes), energy metabolism, and in�ammation.

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 Bi�dobacterium genus were negatively associated with drug-
processing genes and in�ammation genes, whereas, 3 taxa in the Lactobacillus genus were positively
associated with drug-processing and in�ammation genes (Fig. 6A-B).

In male livers, there was a positive association between Allobaculum, S24-7, and Bi�dobacterium genus
in intestine and most of the liver BAs, except for T-αMCA and T- ßMCA, which were negatively associated
(Fig. 6C).  Conversely, there was a negative association between Lactobacillus genus and Bacteroides
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caccae and most of the liver BAs except for LCA which was positively associated (Fig. 6C).  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. 6D).  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. 6D).

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-speci�c manner, and gut microbiome is likely a mechanistic
component in augmenting the liver steatosis and in�ammation in PXR-carriers.  As illustrated in Fig. 7, in
males, PXR is necessary for HFD-induced body weight gain and serum injury markers, worsened hepatic
steatosis and in�ammation, up-regulation of pro-in�ammatory cytokines, prevention of decrease in
chemokines, and up-regulation of microbial response genes in liver (indicating a leaky gut).  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-in�ammatory taxa Bi�dobacterium, and increased Lactobacillus taxa, which are anti-in�ammatory
for probiotic use (40, 41), but it is actually shown to be pro-in�ammatory endogenously (42, 43).  PXR-
dependent depletion of bene�cial 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 prevention in up-regulating of pro-in�ammatory cytokines and microbial response
genes, PXR-mediated decrease in steatosis-related gene expression, constitutive expression of
thermogenesis and energy expenditure related genes in female livers.  The female-speci�c resistance to
HFD induced liver injury may also be contributed by PXR-mediated down-regulation of pro-in�ammatory
bacteria (Ruminococcus gnavus and Peptococcaceae).

It is well known that in�ammation is a critical mechanistic contributor to the toxicity of calories following
HFD-induced obesity (15, 44-46).  Prolonged HFD feeding in mice has been shown to lead to hepatic and
colon in�ammation as well as changes in the gut microbiome towards a pro-in�ammatory con�guration
(47), however, very little is known regarding how PXR contributes to this process.  Interestingly,
pharmacological activation of PXR is well known to be anti-in�ammatory through NFκB-signaling
attenuation, which in turn reduces the expression of pro-in�ammatory cytokines in animal models that
recapitulate in�ammatory bowel disease (14).  Pharmacological activation of PXR has also been shown
to be anti-in�ammatory and anti-�brogenic in cultured hepatocytes and mouse liver (48).  In contrast to
these previous �ndings, our study demonstrated for the �rst time that during HFD-induced obesity, the
presence of PXR actually promotes hepatic in�ammation, collagen 1α mRNA increase, as well as up-
regulation of both innate and adaptive immune response in liver in male mice. 
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PXR is also necessary in preventing the HFD-mediated down-regulation of hepatic pro-in�ammatory
signaling in male mice.  Therefore, there appears to be context-speci�c duality of PXR in modulating
in�ammation during pharmacological (anti-in�ammatory) and pathophysiological (pro-in�ammatory)
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 (11), 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 in�ammation.  Last but not least,
pharmacological activation of PXR using the prototypical PXR ligand PCN reduced in abundance of
Bi�dobacterium spp., which has shown to protect the intestinal epithelial barrier in in�ammatory models
(30), however, in our study, we demonstrated that the presence of PXR is necessary in HFD-mediated
decrease in Bi�dobacterium spp.. Again, these observations have highlighted the context-speci�c duality
of PXR under basal, pharmacological, and pathophysiological conditions.

Importantly, the present study is also among the �rst to show that during HFD-feeding, the presence of
PXR is necessary in priming the gut microbiome towards an obesity-prone microbial con�guration, 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
(49) 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 has been shown to be higher in
obese people (50), 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
prevented 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-speci�c
resistance to HFD-induced obesity and remained unchanged by HFD in female PXR-KO mice.  Together
these observations support that PXR is necessary in modulation of the gut microbiome in a sex-speci�c
manner, and 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 (24, 51).  Pearson
correlation was used to identify relationships between the differentially regulated PXR-dependent by HFD
taxa and liver BAs.  In male mice, Lactobacillus was negatively associated with most of the BAs, whereas
Allobaculum and Bi�dobacterium 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 Bi�dobacterium 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
bene�cial effect of CA through decreasing the hepatic triacylglycerol (21).  In this study, in male WT mice,
FGF21 was increased but was not able to protect against hepatic steatosis, suggesting that the
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compensatory up-regulation of FGF21 is necessary but not su�cient in alleviating the obesity
phenotypes.

In a previous study, the constitutive androstane receptor (CAR) was shown to profoundly in�uence the
composition of the gut microbiome, which may contribute to the basal gut cytokine levels that predispose
certain individuals to GI in�ammation (Little et al. 2020 https://doi.org/10.21203/rs.3.rs-36593/v1).  In
another 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) (52).  In addition, the Cyp2b
gene family are well known prototypical CAR-target genes, and can be profoundly induced by TCPOBOP
(52).  Interestingly, in our study, Cyp2b9 and Cyp2b13 mRNAs were up-regulated by HFD in a PXR-
dependent manner in livers of male mice. This suggests that there is a crosstalk between PXR and CAR
during HFD-induced obesity.  PXR and CAR are known to share many common target genes (53), however,
it is important to note their metabolic roles during HFD feeding are different, in that PXR worsens HFD-
induced obesity through modulating the gut microbiome and hepatic in�ammation (present study),
whereas CAR alleviates HFD-induced obesity through modulating lipid and carbohydrate pathways in
liver and adipose tissue (52).

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 pro�le, because the majority
of the top hits are anti-cancer drugs, which indicate that chronic HFD-induced hepatic steatosis and
in�ammation may eventually lead to liver cancer through PXR.

Overall, this study suggests the mechanisms underlying the PXR-dependent exacerbation of HFD-induced
obesity may involve the contribution from the gut microbiome, which enhances the hepatic microbial
response and the subsequent increase in hepatic in�ammation.  Therefore, targeting the gut microbiome
may serve as a novel approach to modulating the hepatic PXR-signaling and obesity outcomes.
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Materials And Methods
ANIMALS. Male and female C57BL/6 mice (WT) and PXR-KO mice in C57BL/6 background (10-12 weeks
of age) were fed either control diet (12% fat calories) or HFD (45% fat calories) from Research Diets Inc.
(New Brunswick, NJ) for 16 weeks as previously described (8) (n = 7-12/group). 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 = 7-12/group), and fed either control diet (12% fat
calories) or HFD (45% fat calories) from Research Diets Inc. (New Brunswick, NJ) for 16 weeks as
previously described (8).  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.  Livers were
divided into two portions; one homogenized and the other �xed in 10% formalin for hematoxylin and
eosin (H & E) staining.  Blood samples collected by cardiac puncture were processed for serum and
stored at -80 oC prior to analyses of liver enzymes, BAs, �broblast growth factor 21 (FGF21), leptin,
adiponectin, and insulin.
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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).

 

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 �uorometer (Thermo Fisher Scienti�c, Waltham, Massachusetts) was used to determine
concentration of DNA. Bacterial DNA was sequenced using an Illumina HiSeq 2500 second-generation
sequencing system (250 bp paired-end; n = 5-6/group; Novogenes, Sacramento, CA) for bacterial 16S
rDNA V4 amplicon sequencing. FASTQ �les were analyzed using various python scripts in QIIME.
Statistical differences were determined by using three-way ANOVA followed by Tukey’s post hoc test and
adjusted p-value < 0.05 in R.

 

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 (22). Hepatic
triglycerides were quanti�ed using a triglyceride test kit (Wako Pure Chemical Industries, Richmond, VA).

 

H&E STAINING OF LIVER SECTIONS. Livers were �xed in 10% neutral-buffered formalin, sectioned and
stained with H&E prior to blinded evaluation by a board-certi�ed veterinary pathologist. Liver sections
were semi-quantitatively scored for lipid accumulation, necrosis, in�ammation, �brosis (increased
�brocytes and collagen �bers), and biliary hyperplasia (increased numbers of oval and/or intercalated
cells in cholangioles).The basic scoring criteria was as follows:  no signi�cant lesions (0); minimal
lesions, less than 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, membrane disruption and cell loss while signs of in�ammation 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.

 



Page 14/30

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
quanti�ed immediately before and 15, 30, 60, 90, and 120 min after glucose injection using Contour TS
strips (Bayer HealthCare LLC, Mishawaka, IN).

 

PREPARATION OF SOLUTIONS FOR 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 (Li
et al. 2018; Roeske and Chollet 1987). For 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 0.05-10000 ng/mL). The 5 ISs were
mixed to obtain a working IS solution in which the concentration of each IS was 10 µmol/mL.

 

QUANTIFICATION OF mRNA LEVELS USING REAL-TIME POLYMERASE CHAIN REACTION (REAL-TIME
PCR). Total RNA (5 µg) was reversed transcribed into cDNA with random hexamer primers using Tetro
cDNA Synthesis Kit (Bioline, Taunton, MA) and real-time quantitative PCR to quantify the mRNA levels
were performed as we previously described (6, 54). The following mRNAs were quanti�ed: Estrogen
receptor α (Erα), constitutive androstane receptor (Car), Pxr, Cyp3a11, Organic Anion Transporter 2
(Oatp2), Cyp2C29, Cyp2c55, Cyp2b9, Cyp2b10, Cyp2b13, Ucp2, PPARγ coactivator 1α (Pgc-1α), collagen
1α, Transforming growth factor β (Tgfβ), Uridine diphosphate glucuronosyltransferase 1A1 (Ugt1a1), and
Gapdh. The primer sequence for Pxr, Car, Cyp3a11, Cyp2b10, Ucp2, Oatp2, and Gapdh were previously
published (54). Furthermore, the following proprietary Taqman Gene Expression Assays were purchased
from Applied Biosystems/Life Technologies (Grand Island, NY) and used for real-time quantitative PCR:
Erα (No. Mm00433149_m1), Cyp2b9 (No. Mm00657910_m1), Cyp2b13 (No. Mm03052613_s1), Cyp2c29
(No. Mm00725580_s1), and Cyp2c55 (No. Mm00472168_m1). The ampli�cation reactions were
performed in the ABI QuantStudioTM 3 Systems (Applied Biosystems, Foster City, CA). Results were
presented as levels of expression relative to that of controls after normalizing with Gapdh mRNA using
the comparative CT method.

https://www.thermofisher.com/taqman-gene-expression/product/Mm00657910_m1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm03052613_s1?CID=&ICID=&subtype=
https://www.thermofisher.com/taqman-gene-expression/product/Mm00551550_m1?CID=&ICID=&subtype=
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BA EXTRACTION AND UPLC-MS/MS QUANTIFICATION. BAs from liver, small intestinal content (SIC), and
LIC pellets 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, SIC, and LIC pallets by adding 5
µl of ice-cold analytical grade H2O   per mg of sample then homogenized in a glass Dounce homogenizer
until uniform. 250 µl of homogenate was removed and mixed with 10 µl of the following internal
standards (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 hours. 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. Preparation of BA standard curve and internal standards (IS) is described in Supplemental methods.
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.

 

MICROARRAY ANALYSIS. Transcriptomic pro�ling in livers was performed using Affymetrix GeneChip®
arrays (n=4/treatment/genotype/sex).  Selected gene expression was determined using RT-qPCR. CEL
�les were analyzed in R using the oligo package. Genes with an average probe intensity >100 were
considered to be signi�cantly expressed. Probe IDs were annotated using the
clariomsmousehttranscriptcluster.db package. Upper quartile normalization and differential expression
between vehicle and HFD-exposed groups of the same genotype and sex was determined using EdgeR. 
The RUVSeq package was used to remove unwanted variations as described previously, and genes with a
false discovery rate below 0.05 were considered statistically signi�cant.  Volcano plots and heatmaps
were plotted for the differentially regulated genes with at least 50% up- or down-regulation using prcomp
and ComplexHeatmap, respectively.  Pathway analysis was performed using the R package TopGo. Bar
plots of representative differentially regulated genes were generated using SigmaPlot (Systat Software,
Inc).  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 puri�ed 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. Brie�y, 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 controls, 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 hours at 45°C in the
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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.

 

Principle component analysis. Principle 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.

 

Pearson’s correlation analysis. Person’s correlation analysis was performed using the ggplot2 and
reshape2 R packages.
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Table 1. Body weight and food intake of adult (8-10 weeks) male and female wild type (WT, C57BL/6J)
and PXR-KO mice and after 16 weeks on a control or a high-fat diet (HFD).
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  Male WT Female WT Male PXR-KO Female PXR-KO

Weights Control

(n=7)

HFD

(n=9)

Control

(n=7)

HFD

(n=8)

Control

(n=11)

HFD

(n=12)

Control

(n=11)

HFD

(n=11)

Initial weight (g) 24.6 ±
2.1

24.8 ±
2.4

20.0 ±
1.4‡

20.4 ±
1.4

23.9 ±
1.8

23.6 ±
1.6

19.9 ±
1.9‡

20.0 ±
1.5

Final weight (g) 35.9 ±
3.6

50.5 ±
1.8#

27.0 ±
3.3

44.3 ±
4.7#

31.4 ±
3.0

39.1 ±
5.1#,†

25.3 ±
1.7

32.4 ±
6.3#,§

Absolute

liver weight (g)

1.5 ±
0.1

2.7 ±
0.2#

1.2 ±
0.1

1.5 ±
0.1β

1.6 ±
0.1

1.9 ±
0.2†

1.4 ±
0.1

1.3 ±
0.1β

Liver/body
weight (%)

4.1 ±
0.1

5.4 ±
0.4#

4.4 ±
0.2

3.3 ±
0.2 β

5.0 ±
0.1

4.9 ±
0.3

5.6 ±
0.2

4.1 ±
0.1#

Epididymal WAT
mass (g)

2.0 ±
0.2

1.7 ±
0.1

0.9 ±
0.2

3.3 ±
0.2#, β

1.1 ±
0.1

1.8 ±
0.1

0.8 ±
0.1

2.2 ±
0.3#,§

Mesenteric WAT
mass (g)

0.5 ±
0.04

1.1 ±
0.1#

0.4 ±
0.1

1.3 ±
0.2#

0.4 ±
0.1

0.9 ±
0.1#

0.3 ±
0.03

0.6 ±
0.10§

BAT (g) 0.4 ±
0.02

0.6 ±
0.04#

0.2 ±
0.01

0.5 ±
0.1#

0.3 ±
0.03

0.4 ±
0.04†

0.3 ±
0.02

0.3 ±
0.04,§

1Lean Mass at 3
months (g)

25 ±
0.3

27 ±
1.3

19 ±
0.7‡

21 ±
0.7β

24 ±
0.3

23 ±
0.3†

21 ±
0.4

21 ±
0.5

1Fat Mass at 3
months (g)

4 ± 0.6 13 ±
1.9#

3 ± 0.1 9 ±
0.8#, β

4 ± 0.4 8 ±
0.3†

3.3 ±
0.7

7 ± 0.7

Serum

Parameters

Control

(n=5-7)

HFD

(n=5-
9)

Control

(n=5-7)

HFD

(n=5-
8)

Control

(n=5-8)

HFD

(n=5-
8)

Control

(n=5-9)

Control

(n=5-9)

ALT (IU/L) 27.1 ±
4.8

82.6 ±
9.0#

21.7 ±
4.1

35.1 ±
11.5β

27.7 ±
2.6

22.6 ±
4.7†

24.7 ±
5.8

36.4 ±
17.5

Bile Acids

(µmole/L)

37.3 ±
2.4

62.1 ±
4.2#

32.2 ±
2.0

33.5 ±
3.7β

35.6 ±
1.7

42.1 ±
7.0†

34.8±
3.7

35.6 ±
4.0

FGF21 (pg/mL) 764 ±
84

1343 ±
187#

275 ±
85

614 ±
125 β

225 ±
74

356 ±
69†

337 ±
92

453 ±
86

Adiponectin
(ng/mL)

11.1 ±
0.7

9.4 ±
0.4

17.0 ±
0.4‡

18.3 ±
0.7β

7.7 ±
0.7

7.4 ±
0.6

16.2 ±
1.8‡

16.0 ±
0.8β

Insulin (pg/mL) 2.4 ±
0.7

19.5 ±
2.1#

1.7 ±
0.6

2.3 ±
0.8β

0.9 ±
0.4

14.4 ±
5.5#

0.7 ±
0.1

1.1 ±
0.2β
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Leptin (ng/mL) 31.2 ±
3.0

48.1 ±
2.2#

18.1 ±
2.5

51.6 ±
4.8#

12.9 ±
3.1*

35.4 ±
4.0#

16.4 ±
3.1

38.7 ±
4.4#

Fasting glucose

(mg/dL)

133 ±
15

170 ±
11

117 ±
11

137 ±
8

119 ±
12

191 ±
11#

108 ±
10

130 ±
6β

 

Data represent mean ± SEM for 7-11 mice per group.

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

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

†P < 0.05 between male mice fed HFD.

§ P < 0.05 between female mice fed HFD.

βP < 0.05 between male and female mice fed a HFD.

1For body mass composition, n=3-4 and were performed after 3 month of diet administration.

Figures
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Figure 1

The effect of HFD on obesity phenotypes. (A), Body weights of mice during 16 weeks feeding of a control
diet or a HFD. (B), H&E staining of liver sections in control diet and HFD -fed WT and PXR-KO male and
female mice. (C), Lipid accumulation and in�ammation pathology scores from histology score of liver
sections in control diet and HFD-fed WT and PXR-KO mice. (D), Liver accumulation (steatosis),
in�ammation, collagen 1a mRNA scores from histology of liver sections in control diet and HFD-fed WT
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and PXR-KO mice. (E), Blood glucose levels during GTTs in WT and PXR-KO mice fed control diet or HFD
for 120 minutes. Data represent mean ± SEM (n = 7-11). #P < 0.05 between mice fed control and high-fat
diet (HFD). †P < 0.05 between male mice fed HFD. §P < 0.05 between female mice fed HFD. #P < 0.05
between mice fed control diets and high-fat diet (HFD).

Figure 2
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The effect of HFD on gene ontology analysis. (A), Up-regulated gene ontology enrichment terms for male
WT mice regulated by HFD. (B), Up-regulated gene ontology enrichment terms for male PXR-KO mice
regulated by HFD. (C), Down-regulated gene ontology enrichment terms for male WT mice regulated by
HFD. (D), Down-regulated gene ontology enrichment terms for male PXR-KO mice regulated by HFD. The
red dotted lines represent -log10(FDR) = 0.1.

Figure 3
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The effect of HFD on mRNA expressions. (A-B), mRNA expression of intermediate metabolisms separated
by male and female WT changes. (C-D), mRNA expression of intermediate metabolisms separated by
male and female PXR-KO changes by real time PCR analysis in liver. (E), PXR-dependent changes of HFD
predicted genes and chemicals from LINCS database. Asterisks (*) represent statistically signi�cant
differences as compared with control diet and high fat diet groups.

Figure 4
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The effect of HFD on the gut microbiome. (A) Beta diversity of male and female. (B) Differentially
regulated bacteria in a species level. Asterisks (*) represent statistically signi�cant differences as
compared with control diet and high fat diet groups; pounds (#) represent statistically signi�cant
differences as compared with WT and PXR-KO genotype groups (two-way ANOVA; statistical signi�cance
was considered at p < 0.05).

Figure 5
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The effect of HFD on bacteria species level. (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 signi�cant differences as compared with control diet and
high fat diet groups.

Figure 6
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Pearson correlations of male and female PXR-dependent by HFD. (A-B), Pearson correlation of males and
females PXR-dependent genes by HFD with signi�cant bacteria. (C-D), Pearson correlations of males and
females liver bile acids with signi�cant bacteria.

Figure 7

Summary diagram of the overall idea and outcome of the project. PXR promotes hepatic steatosis and
in�ammation through gut microbiome in a male-speci�c manner.
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