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ABSTRACT

It is well-known that the pregnane X receptor (PXR/Nrli2) is a critical xenobiotic-sensing
nuclear receptor enriched in liver and intestine and is responsible for drug-drug interactions
(DDI), due to their versatile ligand binding domain (LBD) and target genes involved in
xenobiotic biotransformation. PXR can be modulated by various xenobiotics including
pharmaceuticals, nutraceuticals, dietary factors, and environmental chemicals. Microbial
metabolites such as certain secondary bile acids (BAs) and the tryptophan metabolite
indole-3-propionic acid (IPA) are endogenous PXR activators. Gut microbiome is
increasingly recognized as an important regulator for host xenobiotic biotransformation and
intermediary metabolism. PXR regulates and is regulated by the gut-liver axis. This review
summarizes recent research advancements leveraging pharmaco- and toxico-metagenomic
approaches that have redefined the previous understanding of PXR. Key topics covered in
this review include 1) genome-wide investigations on novel PXR-target genes, novel PXR-
DNA interaction patterns, and novel PXR-targeted intestinal bacteria; 2) key PXR-
modulating activators and suppressors of exogenous and endogenous sources; 3) novel bi-
directional interactions between PXR and gut microbiome under physiological,
pathophysiological, pharmacological, and toxicological conditions; and 4) modifying factors
of PXR-signaling including species- and sex difference, and time (age, critical windows of
exposure, and circadian rhythm). The review also discusses critical knowledge gaps and

important future research topics centering around PXR.

Significance statement:

This review summarizes recent research advancements leveraging O’'mics approaches that
have redefined the previous understanding of the xenobiotic-sensing nuclear receptor PXR.
Key topics include: 1) genome-wide investigations on novel PXR-targeted host genes and
intestinal bacteria as well as novel PXR-DNA interaction patterns; 2) key PXR modulators
including microbial metabolites under physiological, pathophysiological, pharmacological,
and toxicological conditions; and 3) modifying factors including species, sex, and time.
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INTRODUCTION
Brief historical perspective

Prior to the discovery of the pregnane X receptor (PXR), it was initially discovered
that newborn rats exhibited higher sensitivity to non-metabolized cardiac glycoside
ouabainin in comparison to adults (Klaassen, 1972; Klaassen, 1973). This increased
sensitivity was due to the lower hepatic uptake in newborns, whereas pretreatment of both
newborn and adult rats with pregnenolone-16a-carbonitrile (PCN) markedly increased the
hepatic uptake and biliary excretion of ouabain (Klaassen, 1974a; Klaassen, 1974b). PCN
treatment in isolated rat hepatocytes markedly enhanced the uptake of another glycoside
[3H] digoxin, which was a substrate of the organic anion transporter 2 (Oatp2, how known
as Slcola4/Oatplad) (Eaton and Klaassen, 1979). It was later noted that PCN stimulated
the enzyme activity of a single form of cytochrome P450 (P-450PCN) that was
immunochemically distinguishable from another CYP inducible by phenobarbital in rat liver
(P450-PB) (Newman and Guzelian, 1983). In addition, glucocorticoids such as
dexamethasone could also induce P-450PCN in rat liver, and the notion of the existence of
a class of microsomal enzyme inducers was proposed (Schuetz et al.,, 1984). These
pioneer studies together supported the existence of a receptor that can be activated by
chemicals such as PCN, which in term co-regulates the xenobiotic-inducible drug
metabolism and transport systems (Staudinger et al., 2001).

At the turn of the century, the nuclear receptor PXR was discovered and was initially
recognized as a major receptor for xenobiotics that trans-activate many genes involved in
drug metabolism and transport including Cyp3a (previously known as P-450PCN) and
Oatplad (previously known as Oatp2) (Moore and Kliewer, 2000; Kliewer et al., 2002;
Tirona et al., 2003; Cheng et al., 2005; Maher et al., 2005; Kurihara et al., 2007; Petrick and
Klaassen, 2007; Alnouti and Klaassen, 2008; Buckley and Klaassen, 2009; Hernandez et

al., 2009; Aleksunes and Klaassen, 2012). PXR is highly expressed in the liver and
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intestine and can be activated by various drugs, nutraceuticals, dietary factors, and
environmental chemicals (Moore et al., 2003), leading to drug-drug, food-drug, and drug-
toxicant interactions. While the DNA-binding domain of PXR is highly conserved across
species (Kliewer et al., 2002), its ligand-binding domain displays more variability and
versatility, which contribute to the species difference in PXR activation and target gene
expression. While being well-recognized as a classic drug-receptor over the years, studies
using PXR-null and humanized PXR transgenic mice have demonstrated that PXR also
contributes to intermediary metabolism through worsening diet-induced obesity, hepatic
steatosis, and hepatic inflammation (Spruiell et al., 2014a; Spruiell et al., 2014b; Kim et al.,
2021). However, pharmacological activation of PXR has anti-inflammatory effects (Cheng et
al., 2012; Huang et al., 2018). The physiological functions of PXR have also included trans-
activating genes involved in lipid metabolism (Zhou et al., 2006; Zhou et al., 2008) and cell
cycle (Guzelian et al., 2006).

Recent research advancements leveraging pharmaco- and toxico-metagenomic
approaches have redefined our understanding of PXR. First, genome-wide investigations
using chromatin immunoprecipitation coupled with second-generation sequencing (ChlP-
Seq) have expanded the list of direct-PXR target genes and identified novel PXR-DNA
interaction patterns (Cui et al., 2010; Smith et al., 2014). While it was widely recognized
based on in vitro investigations that PXR binds to AGGTCA-like direct repeats separated by
3 or 4 base pairs (DR-3 or DR4) as well as everted repeats 6 (ER-6) and ER-8 (Kliewer et
al., 2002), an in vivo roadmap of PXR bindings in mouse liver with extended search for
longer response elements have identified that DR-4 is the most prevalent PXR-DNA binding
motif in vivo, and more importantly, there is a novel DR-(5n+4) periodic pattern of PXR-DNA
interactions (defined as an “accordion model”) (Cui et al., 2010). In addition, PXR-DNA
interactions within the target gene loci are not limited to promoter regions but are also

localized to regions such as distal enhancers, downstream, and introns (Cui et al., 2010).
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Second, while it was previously thought that PXR interacts with its binding partner retinoic X
receptor (RXR) as a dimer, computational approaches have demonstrated that PXR and
RXR function as a hetero-tetramer, with the unique [B-stranded interface of the PXR
homodimer in the middle, and two RXR proteins on the outside (Noble et al., 2006; Teotico
et al.,, 2008). In addition, the key amino acids forming the PXR homodimer interface are
highly conserved during evolution, and disruption of these amino acids results in decreased
transcription activity of PXR (Noble et al., 2006; Teotico et al., 2008). Third, novel
endogenous PXR ligands and/or activators have been identified, which are microbial
metabolites of BAs and tryptophan (Staudinger et al., 2001; Xie et al., 2001; Venkatesh et
al., 2014). Along the same lines, novel bi-directional interactions of PXR and the gut
microbiome  have been discovered under physiological, pathophysiological,
pharmacological, and toxicological conditions (Cheng et al., 2018; Li et al., 2018; Dempsey
et al., 2019; Scoville et al., 2019; Lim et al., 2020; Kim et al., 2021, Little et al., 2021). Last
but not least, modifying factors including sex (Fu et al., 2012; Barretto et al., 2021), time —
including liver development (Hart et al., 2009), and early life exposures to PXR-activating
xenobiotics (Li et al., 2016a; Li et al., 2016b), aging (Fu et al., 2012), and circadian rhythm,
have been further elucidated. Ongoing research studies continue to expand our knowledge
base regarding endogenous functions of PXR and novel target genes, novel PXR
ligands/modulators, and PXR vs. gut microbiome crosstalk.

This review will therefore provide an updated summary of the recent discoveries of
PXR with a primary focus on PXR and the gut-liver axis within the context of exposures and
discuss important further research topics in this area from our perspective.
PXR-modulating xenobiotics

PXR activators
PXR is responsible for the regulation of various drug-metabolizing enzymes (DME)

following activation by various ligands and/or activators (Kliewer et al., 1998). Due to its
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promiscuous LBD, a wide variety of possible ligands can interact with PXR and modulate
complex DME expression through (drug-drug interaction) DDI (Lehmann et al., 1998). Many
synthetic drugs, natural products, environmental chemicals as well as microbial metabolites
and diets have been recognized as regulators of PXR signaling (Table 1) (Chang and
Waxman, 2006). It should be noted that chemicals can only be classified as PXR ligands if
the direct binding to the LBD of PXR has been established. It should also be noted that
PXR-activating xenobiotics may have off-target effects which are not related to PXR
signaling.

Synthetic drugs:

The anti-tuberculosis drug, rifampicin is a well-known ligand and activator of human
PXR (hPXR), which binds and activates the receptor at a relatively low concentration
(Blumberg et al., 1998; Moore et al., 2000), however, rifampicin does not activate the rodent

PXR (Gibson et al., 2002). In rodents, the prototypical known PXR ligand is pregnenolone-

16a-carbonitrile (PCN) (Marek et al., 2005; Ma et al., 2008). Cell-based reporter assays

have shown that activation of hPXR by rifampicin up-regulates the expression of CYP3A4 in
human, rabbit, pig, dog, and rhesus monkeys (Jones et al., 2000; Moore et al., 2000; Gibson
et al., 2002). In vitro ligand assays showed that hPXR binds rifampicin (Jones et al., 2000),
which then triggers the release of co-repressors and initiates recruitment of co-activators to

promote transcription of PXR-target genes (Takeshita et al., 2002; Ourlin et al., 2003).

In addition to the prototypical ligands, many other therapeutic compounds can
activate PXR either as direct ligands or indirect activators (Chang and Waxman, 2006).
Dexamethasone is another PXR activator in both mice and humans (Pascussi et al., 2001;
Yueh et al., 2005). The barbiturates anti-convulsant drugs, such as phenobarbital, are PXR
activators in a species-specific manner. For example, phenobarbital preferably activates

PXR in humans, pigs, and rabbits, but has little effect in rodents including mice and rats
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(Jones et al., 2000; Moore and Kliewer, 2000; Smirlis et al., 2001; Wei et al., 2002; Chang
and Waxman, 2006; Pinne et al., 2016). Specifically, phenobarbital enhances the
recruitment of the steroid receptor coactivator-1 (SRC-1) to hPXR but not to mPXR (Li et al.,
2019). The antifungal drug clotrimazole has been reported to bind to hPXR at a
concentration of 10 uM, stimulating co-activator recruitment and enhancing the transcription
of PXR target genes (Lehmann et al., 1998; Jones et al., 2000), whereas clotrimazole is a
weaker activator of rat and mouse PXR (Bertilsson et al., 1998; Jones et al., 2000). The
protease inhibitor and anti-HIV drug ritonavir acts as a ligand of hPXR and up-regulates
PXR-target gene expression in primary human hepatocyte cultures (Chang and Waxman,
2006). Cancer chemotherapeutic drugs, such as paclitaxel, activate hPXR in cell-based
reporter assays (Synold et al., 2001) where it acts as an hPXR ligand and up-regulates the
expression of PXR-target genes including CYP3A4 and the multi-drug resistance 1 (MDR1)
transporter (Kostrubsky et al., 1998). The muscle relaxant, etomidoline, has been identified
as a novel selective PXR agonist in a stable hPXR-Luc HepG2 cell line and up-regulated
CYP3A4 mRNA expression in HepaRG cells in a PXR-dependent manner (Lynch et al.,
2021). The calcium channel blockers, such as nifedipine, bendipine, and lacidipine, are
used in the treatment of high blood pressure. Studies have reported that these drugs are
associated with hPXR activation (Bertilsson et al., 1998; Chang and Waxman, 2006; Lynch
et al., 2021). Several other drugs including carbamazepine (El-Sankary et al., 2001; Luo et
al., 2002), bosentan (van Giersbergen et al.,, 2002), mevastatin (Raucy et al., 2002),
tamoxifen (Desai et al., 2002; Zhuo et al., 2014), topotecan (Schuetz et al., 2002) have all
been reported to be activators of hPXR in cell-based reporter gene assays. In addition, 11

additional drugs have recently been identified as novel hPXR activators (Lynch et al., 2021).

The activation of PXR by chemotherapeutic drugs can result in drug resistance

and lower efficacy, partly through up-regulating CYP3A4 (Chen, 2010; Mani et al., 2013).
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Lin et al. investigated the therapeutic value of hPXR antagonists and the expression of
CYP3A4. They found that SPA70 is a potent antagonist of hPXR, which ablated the
expression of CYP3A4, suggesting that SPA70 can be a potential therapeutic as an hPXR

antagonist (Lin et al., 2017).

Natural products:

Several plant-derived compounds have been identified as agonists and/or activators
of hPXR or mPXR in cell-based reporter assays. For example, the active ingredient of St.
John’s wort, namely hyperforin, has been reported as a ligand of hPXR and the direct
binding of hyperforin to the PXR ligand-binding domain has been visualized by X-ray
crystallography (Watkins et al., 2003). Hyperforin up-regulates the PXR-target gene
CYP3A/Cyp3a expression of both human and mouse origins in cell-based reporter assays
(Cantoni et al., 2003; Komoroski et al., 2004). Guggulsterones are plant-derived sterol
compounds that activate hPXR and mPXR, as evidenced by increased expression of PXR-
target genes (Brobst et al., 2004; Ding and Staudinger, 2005; Chang and Waxman, 2006).
The plant-derived diterpene forskolin is used in traditional medicine to treat cardiovascular
disorders (Seamon et al., 1981) and acts as a ligand for both hPXR and mPXR, as
evidenced by increased PXR-target gene expression in cell-based reporter gene assays
(Ding and Staudinger, 2005). Artemisinin, a naturally occurring sesquiterpene, is an hPXR
ligand that promotes interactions between PXR and its co-activator DRIP205 (Burk et al.,
2005). However, artemisinin is known to decrease the basal expression of mPXR (Burk et
al., 2005). Other plant-derived compounds such as the kava extract desmethoxyyangonin
and dihydromethysticin also activate hPXR in cell-based reporter gene assays (Raucy,
2003; Ma et al., 2004).

Environmental chemicals:
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Several environmental contaminants have been reported to activate PXR signaling
or increase the expression of PXR in various animal species. These environmental
contaminants include pesticides, steroids, plasticizers, heavy metals, etc. Several
insecticides including organochlorines and pyrethroids have been reported to activate hPXR
and up-regulate CYP3A4 mRNA expression (Milnes et al., 2008). The herbicide alachlor
has been reported to activate PXR in vitro and up-regulates CYP3A mRNA expression in rat
liver (Mikamo et al., 2003; Lemaire et al., 2006). Using in vitro gene expression assays, 15
different classes of pesticides that act as hPXR activators have been identified as
summarized in Table 1 (Lemaire et al.,, 2006). Activation of PXR and the corresponding
increase in Cyp3a gene expression occur after exposure to nonylphenol in juvenile fish liver
(Meucci and Arukwe, 2006). The pyrethroid insecticide cis-bifenthrin (cis-bf) up-regulates
the mRNA and protein expression of PXR in the HepG2 cell line (Xiang et al., 2018). The
heavy metal ions Ag" and Pb?" up-regulate the PXR mRNA in embryonic zebrafish
fibroblasts (Liu et al., 2019). In CYP3A4 transgenic (TG) mice, arsenic has been reported to
increase the mMRNA expression of both PXR and CYP3A4, as well as CYP3A4 protein
expression (Medina-Diaz et al., 2009). Chronic uranium exposure has been reported to
increase PXR mRNA expression in brain, liver, and kidney of rats (Souidi et al., 2005). The
non-coplanar polychlorinated biphenyls (PCBs) have been reported to activate hPXR
(Jacobs et al., 2005; Al-Salman and Plant, 2012). Bisphenol A (BPA) is an agonist of hPXR
but not mPXR (Sui et al., 2012). Several formerly used flame retardants, such as the
polybrominated diphenyl ethers (PBDES) are activators of PXR of both human and mouse
origins (Pacyniak et al., 2007; Sueyoshi et al., 2014). Phthalate esters are used in the
manufacture of plastic products and are activators of both human and rodent PXR (Chang
and Waxman, 2006).

Food components:

10
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Several dietary components have been reported as activators of PXR of either
humans or of other organisms. Mycotoxins are found in food of humans and animals and
have been reported as activators of PXR (Ding et al., 2006; Ayed-Boussema et al., 2012a;
Ayed-Boussema et al., 2012b). Aflatoxin B1, which is a potent liver carcinogen is a PXR
activator and up-regulates the expression of PXR-target genes (Ayed-Boussema et al.,
2012a; Daujat-Chavanieu and Gerbal-Chaloin, 2020). Patulin, another mycotoxin
associated with fruits, has been reported to activate PXR and its target genes in primary
human hepatocytes (Ayed-Boussema et al.,, 2012b). Molecular docking showed
isorhamnetin, a flavonol compound present in various fruits and vegetables, is a hPXR
ligand and subsequently represses the NF-kB pathway (Dou et al., 2014). Menaquinone-4
(MK-4), a vitamin K2 analog and medication for osteoporosis, is a hPXR ligand and up-
regulates PXR-target gene expression in both in vivo and in vitro experiments (Tabb et al.,
2003; Avior et al., 2015; Sultana et al., 2018). Vitamin E is a potent activator of hPXR with
similar efficacy as rifampicin (Landes et al.,, 2003). A high fat diet (HFD) can lead to
enhanced PXR signaling in mice (Saraswathi et al., 2017). The nutritional factor alpha-
ketoglutarate (AKG) can enhance PXR activity and down-regulate the NF-kB signaling
pathway, although the molecular mechanism needs to be further explored (He et al., 2017).

PXR Repressors

While most studies in the literature have focused on PXR activators, PXR repressors
have also been identified as summarized in Table 1. Phytoestrogens and phytochemicals
including coumestrol and sulforaphane bind to the LBD of hPXR and inhibit the expression
of PXR-target genes in both hepatocytes and in livers of hPXR-TG mice (Wang et al., 2008).
Sulforaphane (SFN), a phytochemical present in broccoli, binds to the LBD of hPXR and
antagonizes the PXR signaling (Zhou et al., 2007). The antifungal drug ketoconazole is a

well-known repressor of PXR activity in HepG2 liver cancer-derived cells, human

11
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hepatocytes, LS174T colon cancer-derived cells, as well as CV-1 cells co-transfected with
plasmids expressing either pCMX-hPXR or pCMX-mPXR along with a CYP3A4 luciferase
reporter plasmid (Huang et al., 2007). The anti-neoplastic chemical ET-743 suppresses
hPXR signaling and down-regulates MDR1 gene expression in vitro (Synold et al., 2001).
The specific PXR antagonist # 70 (SPA-70) is another compound that serves as a potent
and selective repressor of hPXR (Lin et al., 2017). Lipopolysaccharides (LPS), which is
produced by resident gram-negative bacteria, inhibits PXR expression and down-regulates
Cyp3all mRNA expression in mouse liver (Xu et al., 2004; Xu et al., 2005). Ochratoxin A,
a potent mycotoxin produced by Aspergillus sp is a repressor of PXR in the HepG2 cell line
(Doricakova and Vrzal, 2015; Daujat-Chavanieu and Gerbal-Chaloin, 2020; Shen et al.,

2020).

Regulation of complex gut-liver cross-talk

Previously, it is well known that the major bile acid sensor farsenoid X receptor
(FXR) is the primary receptor regulating the expression of host bile acid processing genes
within the gut-liver axis. The intestinal activation of FXR by bile acids activate Fgfl5 in mice
and FGF19 in humans, which provides a negative feedback regulation of the host hepatic
bile acid biosynthesis through down-regulating Cyp7al — the rate-limiting bile acid synthetic
enzyme in liver (Wang et al., 2012; Li and Chiang 2015; Xiang et al., 2021). In addition to
FXR, emerging research showed that PXR also contributes to the regulation of gut-liver
crosstalk. The nuclear receptor PXR is expressed in several tissues in the body including
kidney, lung, placenta, ovary but PXR is predominantly expressed in the liver and small
intestine (Mohandas, 2017; Kliewer, 2002; Burk, 2004). The intestinal-derived secondary
bile acid LCA activates PXR in mouse liver and thus increases the expression of the PXR-
target gene Cyp3all (Staudinger et al., 2001). In addition, PXR transcriptionally regulates

several bile acid transporters within the gut-liver axis (Ntcp, Ost alpha, Ost beta, and

12
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Oatplad) (Beaudoin et al., 2020; Stauginder et al., 2001). However, organ-specific PXR-
signaling has been observed. For example, the microbial tryptophan metabolite IPA is a
PXR activator in intestine as evidenced up-regulation of the PXR-target gene Mdrl in mouse
jejunum (Venkatesh et al., 2014), however, it does not readily activate PXR in mouse liver
(Morgan et al., 2018). In contrast, other ligands such as St. John’s Wort extract (with
hyperforin being one of the active ingredients) increase the expression and activity of PXR-
target genes in both intestine and liver (Durr et al., 2000; Moore et al., 2000; Cantoni et al.,
2003). In summary, in addition to FXR, PXR also contributes to the regulation of genes
involved in bile acid homeostasis and xenobiotic biotransformation within the gut-liver axis.
PXR, novel endogenous PXR activators, and the gut microbiome

The interactions between host PXR and gut microbiome are bi-directional. First,
distinct microbial metabolites act as PXR activators (Table 1) under pathophysiological
conditions to modulate the expression of PXR-target genes in a tissue-specific manner.
Second, PXR of the host impacts the gut microbiome composition and functions under
physiological, pharmacological, and toxicological conditions. This section will summarize the
key findings regarding the bi-directional interactions between the host PXR signaling and the
gut microbiome.

Regulation of the host PXR signaling by microbial metabolite

The most hydrophobic secondary bile acid (BA) generated from dehydroxylation
reactions by the gut microbiota is lithocholic acid (LCA), which is the most toxic BA to
hepatocytes at high concentrations, such as during cholestasis (Fickert et al., 2006;
Woolbright et al., 2014; Xu et al., 2020). Toxic levels of LCA and other secondary BAs
produce liver damage through inflammation, oxidative stress, DNA damage, and cell death,
leading to both liver and colon cancers (Allen et al., 2011; Ajouz et al., 2014; Woolbright et
al., 2014; Jia and Jeon, 2019). Dietary supplement with 0.5% LCA increased the mRNA of

the prototypical PXR-target gene cytochrome P450 3all (Cyp3all) in a PXR-dependent
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manner in livers of adult male mice; in addition, PXR serves as a sensor of LCA to protect
against hepatotoxicity (Staudinger et al., 2001). LCA trans-activates PXR of both human
and mouse origins in luciferase reporter assays, and it increased Cyp3all mRNA in a PXR-
dependent manner (8 mg per day for 4 days via oral gavage) (Xie et al., 2001).
Gastrectomy increased the endogenous LCA, LCA-producing intestinal bacteria Bacteroides
fragilis, PXR nuclear translocation, and Cyp3all mRNA expression in mouse liver (Ishii et
al., 2014). Because the major BA sensor farnesoid X receptor (FXR) is not activated by
LCA, it is thought that LCA-mediated activation of PXR provides an important compensatory
protective mechanism to reduce LCA overload and ameliorate liver injury (Jung et al., 2006;
Ishii et al., 2014). In addition to LCA, deoxycholic acid (DCA) — another microbially derived
secondary BA, can also trans-activate PXR (Xie et al., 2001).

The bacteria-derived tryptophan metabolite indole 3-propionic acid (IPA) is a PXR
ligand in the mouse intestine (Venkatesh et al., 2014). Produced by the intestinal bacteria
Clostridium sporogenes, IPA down-regulates the pro-inflammatory cytokine tumor necrosis
factor-alpha (TNFa) in enterocytes and up-regulates the mRNAs encoding tight junction
proteins and protects the gut barrier integrity in a PXR-dependent manner (Venkatesh et al.,
2014). While IPA activates PXR in the mouse intestine, it does not activate PXR in the
mouse liver (Morgan et al., 2018). However, circulating IPA activates PXR in the vascular
endothelium of mice to reduce the vasodilatory responses to nitric oxide in isolated and
cultured vessels in a PXR-dependent manner. This suggests that IPA-mediated PXR
activity plays a key role in endothelial function (Pulakazhi Venu et al., 2019). This also
indicates that PXR activation by IPA is tissue specific.

Based on the conclusion above that IPA activates PXR, it was proposed that
microbial indole metabolite mimicry might be a novel strategy for drug discovery. In fact, the
functionalized indole derivatives have generated first-in-class non-cytotoxic PXR agonists.

The lead compounds are Felix Kopp Kortagere (FKK) 5 and FKK6 that activate PXR to
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reduce inflammation. FKK6, later called CVKO003, is a direct PXR-binding ligand and
induces PXR-target gene expression in cells, human organoids, and mice. Through PXR
activation, FKK6 represses pro-inflammatory cytokines in humanized PXR transgenic mice
(Dvorak et al., 2020a). The removal of the phenyl-sulfonyl group of FKK6 shifts the agonist
activity away from PXR towards the aryl hydrocarbon receptor (AhR), while the addition of
the imidazole pyridyl group preserves PXR activity in vitro (Li et al., 2021). Targeting the
microbial indole metabolite mimicry serves as an important mechanism to understand the
crosstalk between PXR and other important xenobiotic-sensing transcription factors such as
the AhR (Dvorak et al., 2020b; Li et al., 2021).
Necessity of the gut microbiome in the host PXR signaling under basal and
toxicological conditions

The role of the gut microbiome in modulating the basal PXR signaling was first noted
by quantifying the expression and enzyme activities of the prototypical PXR-target gene
Cyp3a in livers of germ free (GF) mice (Toda et al., 2009b) and in livers of antibiotic-treated
conventional (CV) mice (Toda et al., 2009a). Ciprofloxacin, which is a quinolone antibiotic,
decreases Cyp3all expression and triazolam metabolism in mouse liver by reducing LCA-
producing intestinal bacteria, whereas LCA treatment increased Cyp3all expression in GF
mice (Toda et al., 2009a). Another study showed that most of the major Cyps and the PXR
gene expression were lower in the livers of GF mice (Toda et al., 2009b), suggesting that
intestinal bacteria maintain constitutive PXR-signaling in mouse liver. Transcriptomic-wide
investigations including microarray (Bjorkholm et al.,, 2009) and RNA-Seq sequencing
(Selwyn et al., 2015b) in livers of CV and GF mice further demonstrated that gut microbiome
is necessary for maintaining the basal expression of various xenobiotic-processing genes
and PXR-signaling. In fact, xenobiotic metabolism ranked among the topmost differentially
regulated networks in the entire liver transcriptome of adult male GF mice (Selwyn et al.,

2015a). The GF-mediated down-regulation of Cyp3all gene expression is modified by age
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and blunted the ontogenic increase of Cyp3all in mouse liver (Selwyn et al., 2015a).
Interestingly, conventionalization through exposing the GF mice with feces from CV mice
restored the constitutive expression of Cyp3all mRNA and protein in the liver (Selwyn et
al., 2016), and this observation further confirmed the necessity of gut microbiome in the
basal expression of this PXR-target gene in the liver. Extended investigations in various
sections of the intestine of CV and GF mice showed that the gut microbiome is also
important in maintaining the constitutive expression of Cyp3a in an intestinal section-specific
manner (Fu et al., 2017). Therefore, the gut microbiome is a functional modifier of PXR and
Cyp3a-mediated drug metabolism in the liver and intestine under basal conditions
(Dempsey and Cui, 2019).

Following exposure to known PXR-activating chemicals, the gut microbiome may
serve as a novel modifier of PXR-target gene expression in the liver. The previously used
flame retardant polybrominated diphenyl ethers (PBDEs) are bio-accumulative and thus
persistent in the environment long after their use was banned. Among the 209 possible
PBDE congeners, the non-coplanar BDE-47 and BDE-99 are known to activate PXR in
mouse liver (Pacyniak et al., 2007). Interestingly, oral exposure to BDE-47 and BDE-99 up-
regulated the mRNA of many drug-processing genes, including the PXR-target gene
Cyp3all in mouse liver. This up-regulation was further augmented by the lack of gut
microbiome (Li et al., 2017), suggesting that the gut microbiome inactivates the PBDE
parent compounds or metabolites, thus less PXR activators are available under CV
conditions. In serum of CV mice, oral exposure to BDE-47 and BDE-99 decreased the
tryptophan microbial metabolite indole-3-propionic acid (IPA) (Scoville et al., 2019), which is
a known endogenous PXR ligand in mouse intestine (Venkatesh et al., 2014). The
imbalance between endogenous vs. exogenous PXR activators following xenobiotic
exposure may serve as a contributing mechanism for drug-drug and food-drug interactions.

Regulation of gut microbiome by PXR-activating xenobiotics
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While the intestinal microbiome modulates the basal and inducible PXR signaling as
discussed above, the host PXR gene and exposure to PXR activators can reciprocally
modulate the gut microbiome composition and metabolism. Following oral exposure to
PCN, which is the prototypical PXR ligand in mice, there was a distinct change in the gut
microbiome as evidenced by the principal coordinate analysis of beta diversity (Dempsey et
al., 2019). At the class level, PCN decreased Actinobacteria and a taxon in the Firmicutes
phylum but increased Gammaproteobacteria. At the genus level, PCN decreased Dorea,
Anaeroplasma, and a taxon in the Peptococcaceae family, but increased Ruminococcus. In
addition, PCN decreased two taxa in Bifidobacterium, which is known to have bile acid (BA)
deconjugation activities (Foley et al., 2019), which corresponds to decreased gene
abundance of the bile salt hydrolase (bsh) in the microbial DNA from PCN-exposed mice
and reduced expression (Dempsey et al., 2019). PCN also tended to decrease the
microbial DNA encoding the bile acid-inducible operon (bai) CD and baiJ, although a
statistical significance was not achieved. In livers of PCN-exposed CV mice, there was a
decrease in the total secondary BAs, and this was due to a significant reduction in
deoxycholic acid (DCA), 3-dehydrocholic acid (3-DHCA), 12-dehydrocholic acid (12-DHCA),
and a trend of a decrease (not significant) in tauro-lithocholic acid (T-LCA) and tauro-
hyodeoxycholic acid (T-HDCA) (Dempsey et al., 2019). In summary, pharmacological
activation of PXR by its prototypical ligand PCN down-regulates distinct BA-metabolizing
intestinal bacteria and alters BA homeostasis.

Following exposure to PXR-activating therapeutic drugs, the gut microbiome can
also be modulated. The cholesterol-lowering statins are known PXR activators (Howe et al.,
2011; Hoffart et al., 2012). Two PXR-activating statins, namely atorvastatin and pravastatin,
produce gut dysbiosis and reduced butyrate production in a PXR-dependent manner in mice

(Caparros-Martin et al., 2017).
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Following exposure to PXR-activating environmental chemicals, gut dysbiosis has
been observed (Cheng et al., 2018; Li et al., 2018; Scoville et al., 2019; Cruz et al., 2020;
Lim et al., 2020; Gomez et al., 2021), although caution is needed in interpreting the results,
as these environmental toxicants may also have off-target effects on the gut microbiome
independent from PXR activation. Oral exposure to BDE-47 and BDE-99, which are known
to activate PXR and CAR in mouse liver (Pacyniak et al., 2007), produced profound gut
dysbiosis as evidenced by decreased alpha diversity and 45 differentially regulated bacteria
in the large intestinal content of adult male mice (Li et al., 2018). Most notably, there was an
increase in Akkermansia muciniphila and Erysipelotrichaceae Allobaculum spp., which have
been reported to have anti-inflammatory and anti-obesity functions (Png et al., 2010;
Ravussin et al., 2012; Derrien et al., 2017). BDE-99 increased many unconjugated BAs in
multiple bio-compartments in a gut microbiome-dependent manner, which correlates with an
increase in microbial 7a-dehydroxylation enzymes for secondary BA synthesis and
increased expression of host intestinal transporters for BA absorption. PBDEs also down-
regulated host BA-synthetic enzymes and transporters in mouse livers in a gut microbiome-
dependent manner (Li et al.,, 2018). In addition to BAs, BDE-47 and BDE-99 also
modulated other intermediary metabolites such as those from amino acid and carbohydrate
metabolism (Scoville et al., 2019). Among serum, liver, as well as small and large intestinal
content (SIC and LIC, respectively), the LIC is the bio-compartment where PBDEs altered
the largest number of aqueous metabolites, and most of the differential regulation was
observed in the GF mice. For example, the gut microbiome was necessary for PBDE-
mediated down-regulation in branched-chain and aromatic amino acid metabolites, whereas
gene-metabolite networks revealed a positive association between the mRNA expression of
the hepatic glycan synthesis gene a-1,6-mannosyltransferase (Alg12) and mannose, which
are important for protein glycosylation (Scoville et al., 2019). Thus, the lack of gut

microbiota augmented the PBDE-mediated effects on intermediary metabolism in adult male
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mice. Maternal exposure to BDE-47 produced persistent gut dysbiosis in adult male mouse
pups, and persistently increased fecal and hepatic BAs within the 12a hydroxylation
pathway, which corresponds to the up-regulation of the hepatic rate-limiting BA-synthetic
enzyme Cyp7al (Gomez et al., 2021). For all the studies described above, follow-up
investigations using PXR-null mice are necessary to determine whether the observed effects
by PBDEs are PXR-dependent. The PBDE-mediated dysbiosis in human microbiome was
further investigated in a fermentation system using fresh human stool, and it was shown that
PBDEs produced an imbalance in sulfur, short-chain fatty acids, and aromatic organic
compounds, and altered the microbial volatolome in a dose- and time-dependent manner
(Cruz et al., 2020).

Several non-coplaner congeners of the Fox River polychlorinated biphenyls (PCBs)
mixture are known PXR activators, and oral exposure to the Fox River mixture (6 mg/kg)
produced gut dysbiosis including an up-regulation in A. muciniphila, Clostridium scindens,
and Enterococcus in large intestinal pellet of adult female CV mice. There was also an
increase in multiple BAs in serum and small intestinal pellets in a gut microbiota-dependent
manner, and Pearson’s correlation analysis identified a positive correlation between 5 taxa
and most secondary BAs (Cheng et al., 2018). At the dose of 30 mg/kg of PCBs, NADP and
arginine are predicted to interact with the drug-metabolizing enzymes within the Cyp1-3
family, and this was also highly correlated with the presence of Ruminiclostridium and
Roseburia. This suggests a novel role of the gut-liver axis in PCB-mediated effect on
intermediary metabolism (Lim et al., 2020). In addition to the Fox River PCB mixture, the
Aroclorl260 PCB mixture also altered the composition of the gut microbiome in a diet-
induced obese mouse model and altered beta diversity in a PXR-dependent manner
(Wahlang et al., 2021).

Regulation of gut microbiome by the host PXR gene under basal and

pathophysiological conditions

19

20z ‘6 11dy uo seuinor 13dSV e Bio'sfeulnofledse"puip wou) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on December 3, 2021 as DOI: 10.1124/dmd.121.000415
This article has not been copyedited and formatted. The final version may differ from this version.

While PXR has been extensively studied and well-recognized as a xenobiotic-
sensing receptor for drugs, environmental chemicals, and nutraceuticals, very recent studies
showed that this classic drug receptor also plays important biological functions under basal
conditions (Little et al.,, 2021) and pathophysiological conditions, such as diet-induced
nonalcoholic steatohepatitis (NASH) and toxicant-induced nonalcoholic steatohepatitis (T
ASH) (Spruiell et al., 2014a; Spruiell et al., 2014b; Wahlang et al., 2021). Pharmacological
activation of PXR also has anti-inflammatory functions (Cheng et al., 2012). Interestingly,
such novel PXR-mediated functions are associated with PXR-dependent modulation of the
gut microbiome and microbial metabolites.

Under physiological conditions, studies using PXR-null mice have shown that the
absence of PXR increased the microbial richness and the pro-inflammatory bacteria
(Helicobacteraceae and Helicobacter), and decreased the fecal levels of many abundant
taurine-conjugated BAs. Thus PXR may function to maintain gut flora and immune
surveillance under basal conditions (Little et al., 2021). The suppression of microbial
abundance by PXR under basal conditions was also independently observed in another
study (Wahlang et al., 2021). Interestingly, the basal effect of PXR on the gut microbiome
was distinct from pharmacological and toxicological activation of PXR (Cheng et al., 2018; Li
et al., 2018; Dempsey et al., 2019; Lim et al., 2020; Little et al., 2021). Bona fide PXR-
targeted intestinal bacteria Dorea, Mogibacteriaceae, Ruminococcaceae, Streptococcus,
and Anaeroplasma were consistently suppressed by PXR under both basal and PXR-
activated conditions (Cheng et al., 2018; Li et al., 2018; Dempsey and Cui, 2019; Lim et al.,
2020; Little et al., 2021). Interestingly, hPXR-TG mice had a distinct microbial profile and a
general trend of reduced fecal DCA compared to wild-type mice, suggesting that the species
difference in the PXR protein may lead to different gut microbiome configurations and

functions (Little et al., 2021).
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The PXR gene can produce adverse effects in pathophysiological conditions. In a
high fat diet (HFD)-induced obese mouse model, it was demonstrated that the presence of
PXR worsens obesity as evidenced by protection from weight gain and liver steatosis in
PXR-null mice (Spruiell et al., 2014a; Spruiell et al., 2014b). PXR activation is also
detrimental in the regulation of glucose metabolism (Hukkanen et al., 2014). Specifically, in
mice, PXR-deficiency improves HFD induced obesity and genetically induced obesity (i.e.
the ob/ob mice), which are models for type-Il diabetes (He et al., 2013; Zhao et al., 2017).
Interestingly, humanized PXR-transgenic mice (hPXR-TG) also carry a genetic
predisposition for type-ll diabetes (Spruiell et al., 2014a). PXR-TG mice have impaired
glucose utilization, elevated fasting glucose levels, and severely impaired glucose tolerance
during high fat diet treatment, suggesting there is a species difference of PXR in regulating
obesity and glucose signaling (Spruiell et al., 2014a; Spruiell et al., 2014b). Interestingly,
the HFD-mediated increase in intestinal Firmicutes/Bacteroidetes ratio, which is a hallmark
for obesity and increased energy harvest from diet (Turnbaugh et al., 2006), was completely
abolished in male PXR-null mice. There was also a PXR-dependent, HFD-mediated
decrease in the anti-obese Allobaculum and the anti-inflammatory Bifidobacterium (Kim et
al.,, 2021). The PXR-dependent gut dysbiosis following a HFD-induced obesity was
associated with PXR-enhanced weight gain, hepatic steatosis, inflammation, as well as
PXR-dependent up-regulation in hepatic genes involved in microbial response,
inflammation, oxidative stress, and cancer (Kim et al., 2021). In contrast to the higher
susceptibility to HFD-induced non-alcoholic fatty liver disease (NAFLD) phenotype in male
mice, the resistance to NAFLD in females may be explained by a PXR-dependent decrease
in pro-inflammatory bacteria (Ruminococcus gnavus and Peptococcaceae) (Kim et al.,
2021). Ina TASH mouse model exposed to both HFD and the Aroclor1260 PCB
mixture, PXR-dependent gut dysbiosis was also noted including increased Actinobacteria

and Verrucomicrobia abundance in PXR-null mice (Wahlang et al., 2021). In conclusion,
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PXR exacerbates hepatic steatosis and inflammation accompanied by obesity- and
inflammation-prone gut microbiome signature, suggesting that gut microbiome may
contribute to PXR-mediated exacerbation of obesity.
Modifying factors of PXR-signaling

Species difference

Overview

It's well-known that there are species differences in PXR activity (Jones et al., 2000;
LeCluyse, 2001; Xie and Evans, 2001). Activation and repression of PXR among various
species contribute to species-specific efficacy and toxicity of pharmaceuticals and other
xenobiotics in humans, animals, and the ecosystem (Pinne et al., 2016; Creusot et al.,
2021). As discussed earlier, rifampicin, an anti-tuberculosis drug, and SR12813, selectively
activates PXR in humans and rabbits, whereas PCN is a classical synthetic compound that
activates PXR in rodents (Li and Chiang, 2005; Marek et al., 2005; Li and Chiang, 2006; Ma
et al., 2008). Using PXR and its prototypical target gene CYP3A/Cyp3a expression as a
read-out, previous investigations revealed similarities and differences in activation of PXR
and toxicities from using endogenous and exogenous compounds in hPXR, mPXR, rat PXR
(rPXR), and zebrafish PXR (zfPXR) (Reschly and Krasowski, 2006; Reschly et al., 2007;
Krasowski et al., 2011). For example, tropanyl 3,5-dimethylbenzoate, a 5-HT3 receptor
agonist, activates hPXR but not rPXR (Shukla et al., 2011). The gut microbiota is capable of
producing vitamin K2 (Conly and Stein, 1992). Interestingly, vitamin K2 acts as a PXR
activator in humans but not in zebrafish (Creusot et al., 2021).

Although many chemicals activate PXR in a species-specific manner, common PXR-
activating compounds across multiple species have also been identified. Using human cell
lines including LS174T, LoVo, HCT116, and a mouse xenograft model, activation of PXR
has been observed in both humans and mice using rifampicin and PCN, respectively, along

with enhanced colon cancer cell growth, proliferation, invasion, and metastasis through
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activation of fibroblast growth factor 19 (FGF19) signaling (Wang et al., 2011). The
microbial-derived secondary BAs LCA and DCA, as well as the primary BA CDCA activates
PXR in humans and rodents (Xie et al., 2001). Benzo[a]pyrene, a polyaromatic
hydrocarbon, activates hPXR and mPXR, but not zfPXR (Cui et al., 2017; Creusot et al.,
2021). Pharmaceutics, such as hyperforin, mevastatin, and n-butyl-4-aminobenzoate,
activates hPXR but not zfPXR (Creusot et al., 2021). Other chemicals within classes of
pharmaceutics, phytochemicals, environmental chemicals, endogenous compounds, and
pesticides, and their examples of PXR activation are listed in Table 1.

Evolutionary differences of PXR across species

The vitamin D receptor (VDR) and PXR are suggested to have been separated from
a duplication process of a common ancestral gene (Reschly and Krasowski, 2006). Due to
speciation and evolutionary pressure, a distinction of functional differences in PXR and its
LBD have likely arisen (Reschly and Krasowski, 2006; Reschly et al., 2007; Krasowski et al.,
2011). It was shown that hPXR, mRXR, rPXR, and rbPXR share approximately 95% identity
in their DNA binding domain (DBD) but share only 75-80% in their amino acid sequences in
the LBD (LeCluyse, 2001). This indicates that species-specific PXR activation is likely a
result of adaptation to different environmental exposures (LeCluyse, 2001; Ekins et al.,
2008), and it is supported by structural analysis of the PXR LBD (Watkins et al., 2001; Ngan
et al., 2009). The amino acid substitution may result in changes in the LBD. In the PXR
LBD, five out of nine amino acids in mPXR are conserved in hPXR, and the remaining four
residues, Phel84, Arg203, Lys334, and Ser4l4, are substituted by Serl87, Leu203,
Glu334, and lle414, respectively (Zhang et al., 1999; LeCluyse, 2001). Conservation of the
five amino acids between mPXR and hPXR supports activation of PXR by certain chemicals,
such as LCA in humans and mice. Therefore, substitutions in amino acid residues are likely
responsible for the differential response of PXR in various species.

Sex difference in PXR activity
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The expression and activity of PXR and its targets differ between males and females.
In mouse models, the expression of Cyp3all and Cyp3a25, the prototypical targets of PXR
in mice, is higher in females than males (Cui et al.,, 2012; Lu et al.,, 2013). Likewise,
expression levels of PXR targets are slightly different between male and females in humans
(Wolbold et al., 2003; Scandlyn et al., 2008). Because PXR is a critical component in
xenobiotic biotransformation, characterizing and investigating the sex difference of PXR
from xenobiotic exposures and diseases remain an important task. Correspondingly, drugs
that are substrates of CYP3A4, such as cyclosporine, erythromycin, nifedipine, and
ifosfamide have higher clearance rates in women (Austin et al., 1980; Kahan et al., 1986;
Krecic-Shepard et al.,, 2000; Schmidt et al., 2001), which may lead to gender-dependent
dosage regimens and toxicological effects because of species difference in the PXR-
CYP3A4 pathway (Tanaka, 1999; Parkinson et al., 2004; Scandlyn et al., 2008).

Regarding the sex difference in toxicological responses related to PXR signaling, the
hepatic Cyp3all gene expression from exposure to PCBs is higher in female mice than in
male mice (Wahlang et al., 2019). Exposure to LCA to PXR-null mice produced cholestasis
more prominently in males than in females (Uppal et al., 2005). When wild type (WT) and
Cyp3a null mice were fed 60% high fat diet, female Cyp3a knockout (KO) mice gained 50%
less weight than WT mice, but male Cyp3a KO mice gained more weight than the WT
control. Interestingly, HFD increased the expression of PXR in Cyp3a KO female mice
whereas PXR was downregulated in male Cyp3a KO mice (Kumar et al., 2018). In humans,
the risk of drug-induced hepatotoxicity during anti-tuberculosis treatment from rifampicin is
higher in women than in men (Shehu et al., 2016). Wang et al. hypothesized that sex-
specific single nucleotide polymorphisms genotype and the resulting haplotype of PXR
differentially regulate the expression of CYP3A4, leading to the sex-specific influence of
hepatotoxicity (Wang et al., 2015). Significant associations were found between two PXR

haplotypes, h001101 and h000110, and increased hepatotoxicity during antituberculosis
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treatment with rifampicin, isoniazid, or pyrazinamide (Wang et al., 2015). Single nucleotide
polymorphism (SNP) and haplotype differences of PXR may be a significant reason for
differences in PXR activity.

The gut microbiome is suggested to be a critical driver of gender differences of PXR.
GF mice had attenuated sex differences in PXR and its target genes in the liver, compared
to CV mice (Weger et al., 2019). In addition, PXR also reciprocally drives sexually
dimorphic hepatic changes in lipid and xenobiotic metabolism in response to gut microbiota
in mice, in that the expression of most microbiota-sensitive hepatic genes in response to
antibiotic-mediated depletion of microbiota in mice were PXR-dependent in males, but not in
females (Barretto et al., 2021). Pathway enrichment analysis suggest that that microbiota-
PXR interaction regulates fatty acid and xenobiotic metabolism, and data on liver triglyceride
content indicates that antibiotic treatment reduced liver triglyceride content and hampered
xenobiotic metabolism in male mice in a PXR-dependent manner (Barretto et al., 2021).
PXR and critical time-windows

Using the prototypical PXR-target gene Cyp3all as a read-out for PXR-activation, it
was  shown that Cyp3all mRNA undergoes extensive regulation at critical time windows.
For example, during mouse liver development, Cyp3all mRNA is low before birth, peaks
around postnatal day 5, and maintains at high levels till young adulthood (Hart et al., 2009).
It should be noted that the ontogenic regulation of Cyp3all may not be solely PXR
dependent, as it has been shown that district chromatin epigenetic signatures, such as
increased permissive mark histone H3 lysine 4 di-methylation (H3K4me2) positively
associates with the ontogenic increase of Cyp3all mRNA in developing mouse liver (Li et
al., 2009). During human liver development, the Cyp3all ortholog CYP3A4 gene locus is
also extensively modified by the histone code, and the postnatal liver has reduced
occupancy of repressive histone marks and higher occupancy of active histone marks

compared to the fetal liver (Giebel et al., 2016). During aging, Cyp3all mRNA displays a
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consistent male-predominant pattern and decreases earlier in the livers of female mice than
age-matched male mice (Fu et al., 2012). Cyp3all mRNA also exhibits diurnal variations
between day and night, with higher expression around 4 am followed by a decrease to
relatively steady levels during the daytime (Zhang et al., 2009). Activation of PXR using its
prototypical ligand PCN at various developmental ages showed that the highest fold-
induction occurred in the 60-day-old young adult, followed by postnatal day 5 (Li et al.,
2016b). Neonatal activation of PXR also persistently down-regulated the mRNA and protein
expression of multiple CYP4A isoforms, which are prototypical target genes of the lipid-
sensing nuclear receptor peroxisome proliferator-activated receptor alpha (PPARQ), in livers
of adult male mouse pups in a PXR-dependent manner (Li et al., 2016a).
Pharmacological and mathematical models of PXR

There have been a few mathematical models developed to describe PXR activation
and CYP3A up-regulation in humans and rodents. These mathematical models
implemented a system of ordinary differential equations to organize and simulate the
molecular activation of PXR, signaling pathway, and induction of its targets. One of the first
to depict a compartmental model of CYP3A4 gene regulation by PXR considered the
standard cyclical process of PXR activation: rifampicin enters the cell and binds to PXR,
which forms a heterodimer with RXRa; the PXR/RXRa binds to DNA and induces CYP3A4
MRNA, which is translated into protein; CYP3A4 mRNA is degraded and translated protein
metabolizes the rifampicin in the cell (Luke et al., 2010). This model included a feedback
loop and used zero- and first-order kinetics to model the steady-state mRNA levels of
CYP3A4 and incorporated plasma and liver in their compartmental model (Luke et al.,
2010).

Similar to the model by Luke et al., the rPXR pharmacokinetic/pharmacodynamic
(PK/PD) model developed by Li et al. describes the change in levels of CYP3Al and

CYP3A2 with respect to time following the activation of rPXR from dexamethasone
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exposure at various drug concentrations (Li et al., 2012). The model formulated by Li et al.
comprised of in vivo exposure to dexamethasone by intraperitoneal injection (100 mg/kg),
measurement of total 6p3-testosterone hydroxylation formation enzyme activity, and CYP3A1l
and CYP3A2 mRNAs and protein levels, and contained two compartments, i.e. blood and
liver (Li et al., 2012). The resulting model, upon estimation and calculation of parameters,
such as clearance, apparent volume of distribution, and duration of zero-order absorption,
and using transit compartments, was able to show the concentration-induction response
relationship between dexamethasone and the prototypical rPXR targets (Li et al., 2012).
Data for the conceptual models for PXR can be obtained relatively easily by RT-
gPCR and western blots (Luke et al., 2010; Bailey et al., 2011; Kolodkin et al., 2013).
Additional parameters, such as cytoplasm-to-nucleus mRNA translocation and RNA
processing, can be performed to further improve physiological and molecular relevance.
These improved models can serve as important first-pass detection of CYP3A induction and
PXR activation in novel compounds and can be used as a start of investigating a systems
approach of PXR and other receptors and their targets, i.e. PXR and the glucocorticoid
receptor (GR) (Kolodkin et al., 2013). However, no mathematical or statistical model
describing the PXR-CYP3A relationship across species has been developed. Therefore, the
development and expansion of such models will allow future research to investigate CYP3A
and PXR mRNA or protein induction from cellular experiments in newly studied organisms

have a good potential in assessing toxicity and drug-drug interactions across species.

Current challenges and knowledge gaps

With the expansion of research on PXR recently, several challenges and knowledge
gaps are noted in this area. First, prototypical PXR-target genes (e.g. Cyp3a) may be
regulated by other mechanisms such as epigenetic modifiers and other transcription factors,

thus they may not be a bona fide biomarker for PXR activation. Second, species
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differences in both PXR and the PXR-modulating endogenous molecules between humans
and animal models continue to be a challenge in translational research. In addition, while
several novel endogenous PXR ligands are being resolved, there is a knowledge gap
regarding how other endogenous small molecules among the vast majority of poorly
characterized “dark matter’ within the metabolome modulate PXR. Certain endogenous
molecules may serve as potent PXR ligands in animal models but only weak PXR ligands or
display no activity towards PXR in humans; in addition, these molecules may serve as
potent PXR ligands in certain tissues (e.g. intestine) but only have weak PXR-modulating
activities in other tissues (liver). Last but not least, the consequence of PXR activation may
be context specific and can be either beneficial (e.g. chemical detoxification and anti-
inflammation) or harmful (e.g. drug-drug interactions and promoting NASH). Therefore, it is
very important to understand the complexity of the species difference, tissue specificity, and
context-specificity duality of PXR modulation, and additional research efforts are needed to
further characterize PXR target genes in different organs and species as well as novel PXR-
modulating molecules.

Within the challenges discussed above we may find new opportunities to address
them: strategies in derivatizing endogenous PXR ligands to improve their activities towards
human PXR and tissues other than their original functional sites may provide novel
therapeutic options to treat complex human disease while bypassing the adverse drug
reactions. In addition, with the availability of single cell transcriptomics and single cell
metabolomics, it is possible to improve the precision and resolution of understanding the
PXR functions and modulating factors.

Overall conclusion and closing remarks

Taken together, as summarized in Figure 1, PXR is a versatile xenobiotic-sensing

nuclear receptor that has been re-discovered as a critical modulator for intermediary

metabolism and metabolic diseases. Notably, PXR plays critical roles within the gut-liver
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axis within the context of exposures and disease outcomes. PXR activity can be modulated
under basal, physiological, pathophysiological, pharmacological, and toxicological conditions
by a variety of environmental factors. These factors include drugs, environmental
chemicals, dietary constituents, microbial metabolites, etc. Modifying factors such as sex,
age, exposure time windows, and species specificity, may interact the PXR signaling within
the gut liver axis. While the well-known outcomes of PXR activation with are drug-drug
interactions through transcriptional regulation of various host genes involved in xenobiotic
biotransformation, studies in the literature have also discovered bona fide PXR-targeted
intestinal bacteria that are suppressed by PXR, as well as the importance of PXR in
modulating inflammation and intermediary metabolism. Additional research using targeted
and untargeted metabolomics is needed to further expand our knowledge regarding novel
PXR-modulating small molecules from the diet, microbiome, and other exposures. It is also
important to discover individual microbes and complex microbial symbiotic/competitive
interactions that are involved in the production or consumption of PXR-modulating
molecules. The discovery of novel endogenous PXR modulators is expected to aid in
developing novel therapeutic modalities for drug-drug interactions, food-drug interactions,
drug-toxicant interactions, as well as PXR-mediated metabolic diseases. We think it is also
important to study the modulating of PXR-signaling by context-specific chemical mixtures,
involving co-exposures of both exogenous and endogenous PXR-modulating molecules.
Due to the known species difference of PXR, it is important to continue utilizing humanized
PXR transgenic models and in vitro systems to cross-reference findings in various animal
species. Development and expansion of mathematical models will allow future research to
investigate PXR-CYP3A induction to investigate species and gender differences.
Characterizing the sex difference in PXR-signaling continues to be a research priority and
incorporating additional metagenomics and metabolomics approaches will facilitate the

identification of novel regulators that drive the gender-divergent PXR modulation and
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response. It is also important to further investigate the interactions between PXR and other
transcription factors as well as co-factors. Additionally, relatively less is known about PXR
and the gut-liver axis among the pediatric population. Further understanding the role of
PXR in pediatric pharmaco-metagenomics is important to improve the safety and efficacy of
using drugs in this vulnerable population.
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FIGURE LEGEND

Figure 1. Overall summary of PXR and the gut-liver axis within the context of exposures and
outcomes. Briefly, PXR activity can be modulated under basal, physiological,
pathophysiological, pharmacological, and toxicological conditions by a variety of
environmental factors. These factors include drugs, environmental chemicals, dietary
constituents, microbial metabolites, etc. Modifying factors such as sex, age, exposure time
windows, and species specificity, may interact the PXR signaling within the gut liver axis.
While the well-known outcomes of PXR activation with are drug-drug interactions through
transcriptional regulation of various host genes involved in xenobiotic biotransformation,
studies in the literature have also discovered bona fide PXR-targeted intestinal bacteria that
are suppressed by PXR, as well as the importance of PXR in modulating inflammation and

intermediary metabolism.
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Table 1. PXR-modulating chemicals

Chemical IDs

Drugs Rifampicin

RU486

Etomidoline

Clotrimazole

Colfibrate

Phenobarbital

Dexamethasone

Cyclophosphamide
(CPA)

Ritanovir

Exogenous Paclitaxel

molecules
Felodipine

Nifedipine

Bendipine

carbamazepine

Bosentan
Mevastatin
Tamoxifen

Topotecan

Lacidipine

Resveratrol

Ketoconazole

ET-743
Exogenous

Drugs
molecules

SPAT70
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Activator/repressor = Species
Activator and ligand Human
Activator Human
Activator Human
Human,
Activator \_Neak .
activator in
rodent
Activator and ligand Rat
Activator Human
Activator Human and
rodent
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Activator Human
Inhibitor Human
Inhibitor Human
Inhibitor Human
Inhibitor Human

Reference
(Blumberg et al., 1998;
Li and Chiang, 2006;
Li and Chiang, 2005)
(Banerjee et al., 2015;
Kliewer, 2015;

Lynch et al., 2021)

(Jones et al., 2000;
Lehmann et al., 1998;
Banerjee et al., 2015;

Kliewer, 2015)

(Daujat-Chavanieu

and Gerbal-Chaloin,
2020)

(Li et al., 2019; Tamasi
et al., 2009)
(Pascussi et al., 2001;
Yueh et al., 2005;
Pascussi et al., 2000;
Shi et al., 2010)
(Lindley et al., 2002;
Zhuo et al., 2014)
(Chang and Waxman,
2006; Shehu et al.,
2019; Brewer and
Chen, 2016)
(Kostrubsky et al.,
1998)
(Dybdahl et al., 2012;
Pinne et al., 2016)
(Bertilsson et al., 1998;
Chang and Waxman,
2006; Lynch et al.,
2021)
(Bertilsson et al., 1998;
Chang and Waxman,
2006; Lynch et al.,
2021)
(El-Sankary et al.,
2001; Luo et al., 2002)
(van Giersbergen et
al., 2002)
(Raucy et al., 2002)
(Desai et al., 2002;
Zhuo et al., 2014)
(Schuetz et al., 2002)
(Bertilsson et al., 1998;
Chang and Waxman,
2006; Lynch et al.,
2021)
(Smutny and Pavek,
2014), (Deng et al.,
2014)

(Mani et al., 2013;
Huang et al., 2007)
(Synold et al., 2001)

(Lin et al., 2017)
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Phytochem
icals

Environme
ntal
chemicals

Pesticides

Exogenous
molecules

Miscellane
ous

45

St. John’s wort
(hyperforin)

Forskolin

Guggulsterones

Artemisinin
Kava extract
Coumestrol

Sulforaphane
Schiandrol B (SolB)

BPA

PBDEs

PCBs

PFOA
PFOS

Phthalate
monoesters

Metal ions (Pb+,
Ag+), As

Uranium
Chlordane (trans-
nonachlor)

Alachlor

Nonylphenol
Cis-bifenthrin
DDT

Dieldrin
Cholpyrifos

Cypermethrine
Endosulfan

dane

Methoxychlor

CITCO
SR12813

Activator

Activator

Activator

Activator
Activator
Repressor

Repressor
Activator

Activator

Activator

Activator

Activator

Activator

Activator

Activator

Activator

Activator
Activator

Activator
Activator
Activator

Activator
Activator

Activator
Activator

Activator

Activator

Activator

Activator

(Watkins et al., 2003;

Human Kliewer, 2015)
Human (S_eamon et al, _1981;
Mouse’ Ding and Staudinger,
2005a)
(Chang and Waxman,
Human, 2006; Brobst et al.,
Mouse 2004; Ding and
Staudinger, 2005b)
Human (Burk et al., 2005)
(Raucy, 2003), (Ma et
Human al., 2004)
Human and
humanized (Wang et al., 2008)
mouse

Human (Zhou et al., 2007)
Human (Zeng et al., 2017)

(Sui et al., 2012;

Human Barrett, 2012)
Human, (Pacyniak et al., 2007;
Rodents = Sueyoshi et al., 2014)
(Egusquiza et al.,
Human, 2020; Wahlang et al.,
Rodents 2014; Jacobs et al.,
2005)
(Bjork et al., 2011; Ren
Rodents et al., 2009)
Human, (Bjork et al., 2011; Ren
Rodents et al., 2009)
Human (Hurst and Waxman,
Rodenté 2004; Cooper et al.,
2008)
Zebrafish, (Liu et al., 2019;
humanized Medina-Diaz et al.,
mouse 2009)
Rat (Souidi et al., 2005)

Human (Jacobs et al., 2005)

Human, (Mikamo et al., 2003;
Rat Lemaire et al., 2006)
Fish (Meucci and Arukwe,

2006)

Human (Xiang et al., 2018)

I;\|/L|Jman, (Lemaire et al., 2004)
ouse

Human (Milnes et al., 2008)
Mouse (Lemaire et al., 2004)
(Lemaire et al., 2004;

Human Abass et al., 2012)
(Lemaire et al., 2004;

Human Coumoul et al., 2002)

Human, (Lemaire et al., 2004,

Rat Mikamo et al., 2003)
(Lemaire et al., 2004,

HuRn;?n, Mikamo et al., 2003;
Lemaire et al., 2006)
Humans (Lin et al., 2020)
Human, (Jones et al., 2000;
Rabbit, Pinne et al., 2016)
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Pregnenolone
16Chlorpyrifosile
(PCN)

FKK6

Aflatoxin B1

Food Patulin
components .
Isorhamnetin

High fat diet
Alpha-ketoglutarate

Ochratoxin A

) ) Vit K
Vitamins

Vit E

Lithocholic acid
(LCA)

3-keto LCA

Deoxycholic acid
(DCA)
Indole-3-propionic
acid
Skatole (3-methyl-
indole)

LPS

Microbial
metabolites

Endogenous
Molecules
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Activator and ligand

Activator and ligand

Activator

Activator
Activator and ligand
Activator

Activator

Inhibitor

Activator and ligand

Activator

Activator

Activator

Activator

Ligand and activator

Partial agonist and
low affinity ligand

Inhibitor

Canine

Rodents

Human,
mouse

Human

Human
Mouse
Mouse

Pig

Human

Mouse

Human

Human,
Rodents

Human,
Rodents

Mouse

Human,
Mouse

Human

Mouse

(Ma et al., 2008;
Marek et al., 2005)

(Dvorak et al., 2020)

(Ayed-Boussema et
al., 2012a; Daujat-
Chavanieu and
Gerbal-Chaloin, 2020)
(Ayed-Boussema et
al., 2012b)

(Dou et al., 2014)
(Saraswathi et al.,
2017)

(He et al., 2017)
(Doricakova and Vrzal,
2015; Daujat-
Chavanieu and
Gerbal-Chaloin, 2020)
(Sultana et al., 2018;
Tabb et al., 2003;
Avior et al., 2015)

(Landes et al., 2003)

(Wistuba et al., 2007;
Staudinger et al.,
2001)

(Xie et al., 2001;
Staudinger et al.,
2001)

(Xie et al., 2001)

(Venkatesh et al.,
2014)
(Vyhlidalova et al.,
2020)

(Xu et al., 2004; Xu et
al., 2005)
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