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Abstract: Pregnane X receptor (PXR), a nuclear receptor known for modulating the transcription
of drug metabolizing enzymes and transporters (DMETs), such as cytochrome P450 3A4 and P-
glycoprotein, is functionally involved in chronic liver diseases of different etiologies. Furthermore,
PXR activity relates to that of other NRs, such as constitutive androstane receptor (CAR), through a
crosstalk that in turn orchestrates a complex network of responses. Thus, besides regulating DMETs,
PXR signaling is involved in both liver damage progression and repair and in the neoplastic transition
to hepatocellular carcinoma. We here summarize the present knowledge about PXR expression and
function in chronic liver diseases characterized by different etiologies and clinical outcome, focusing
on the molecular pathways involved in PXR activity. Although many molecular details of these finely
tuned networks still need to be fully understood, we conclude that PXR and its modulation could
represent a promising pharmacological target for the identification of novel therapeutical approaches
to chronic liver diseases.

Keywords: nuclear receptors; pregnane X receptor; liver disease; fibrosis; liver cancer; cholestasis;
NAFLD; NASH

1. Introduction

Nuclear receptors (NRs) are components of a well-known superfamily of transcription
factors involved in the modulation of different biological processes, including inflammation,
apoptosis, cell cycle arrest, and drug metabolism [1,2]. In humans, the 48 members of this
superfamily are classified in seven subfamilies (NR0-NR6), based on their mechanism of
action [3]. Even though the 31% of NRs are considered “orphan” receptors, meaning that
their ligands have not been identified yet, the main part of these receptors are regulated by
well-known endogenous substances and/or xenobiotics [2,3]. Endogenous ligands for NRs
are lipophilic hormones able to enter the cell. Some examples of these endocrine NRs are
provided by the thyroid hormone receptors (TRα and TRβ) and the androgen (AR) and
estrogen (ERα and ERβ) receptors [2,4].

The pregnane X receptor (PXR) belongs to the 1I subfamily and is a ligand-activated
transcription factor, the classification of which is still controversial because a number of
scientists still consider PXR an orphan receptor, although many ligands have been notified,
since it binds a variety of endogenous compounds and xenobiotics at high (micromolar)
concentrations [4,5]. However, regardless of its classification, PXR plays a key role in
regulating hepatic homeostasis and responses to drugs, functioning as a so-called xenosensor,
being activated by toxic compounds, thereby helping detoxification [6,7]. In the liver, PXR
is highly expressed by hepatocytes, but its expression has been detected also in Kupffer
and hepatic stellate cells (HSCs) [8–11]. Moreover, it has been reported that hepatic PXR
expression is variable during development. Indeed, being low during fetal and neonatal
stages, PXR expression in the liver increases during infancy, reaches a peak at puberty, and
then decreases to fetal levels in the elderly [12]. Even though PXR expression seems to be
not essential for development and its genetic deletion does not affect phenotypic traits, its
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hepatic activity and regulation have been related to the pathophysiology of many liver
diseases.

This review summarizes the latest findings about PXR expression and its role in
the hepatic environment, focusing on its connection to chronic liver diseases of different
etiologies and underlining the inconsistencies in the results that have sometimes been
obtained by studies conducted with different approaches. In the last part, a focus on gender-
related differences in PXR activation and their relationship with disease development is
reported.

2. PXR Structure, Expression, and Activation

PXR is also named NR1I2 (nuclear receptor subfamily 1 group I member 2) and SXR
(steroid and xenobiotic receptor) since it is activated by steroid-like molecules, such as
pregnane 21-carbon steroids [1]. PXR is predominantly located in the gut and in the liver,
where it exerts its main role of modulating the transcription of hepatic genes encoding for
phase I–II drug metabolizing enzymes (CYP3A, CYP2B, UDP-glucuronosyltransferases,
sulfotransferase) and drug transporters, such as multidrug resistance proteins (MDRs) and
multidrug resistance-associated proteins (MRPs) [7,13,14]. In the human liver, more than
15 splicing and transcript variants of PXR have been observed and correlated to alterations
in its transcriptional activity. The predominant isoforms found in human liver are PXR1,
which is the full-length isoform, and PXR2 and PXR3. PXR2 represents 6–15% of hepatic
mRNA transcripts, whereas PXR3 is poorly expressed, representing 0–0.84% of all human
PXR transcripts [15]. PXR variability has been shown to contribute to the interindividual
variability in the expression of drug metabolizing enzymes and transporters (DMETs) [12].
For example, a small PXR variant (sPXR), encoding for a 37 kDa dominant negative isoform,
is able to repress the function of the full-length PXR1 by competing with cofactors (e.g., SR1)
for binding [16]. An inter-species variability has also been described. Two PXR isoforms,
PXR1 and PXR2, are expressed in mice, the latter displaying a lower ligand activation
profile with respect to PXR1 and directly repressing PXR1 activity [17].

As in other NRs, PXR is endowed with three domains, i.e., the N-terminus ligand-
independent transactivation domains (AF-1), the DNA-binding domain (DBD), and a
ligand-binding region (LBD) at the C-terminus, which is also responsible for the het-
erodimerization with retinoid X receptor (RXR) (Figure 1a). An additional ligand-dependent
transactivation domain, named activation function 2 (AF-2), is located within the ligand
binding domain [1,5,18]. Beyond the presence of PXR splicing and transcript variants, the
finely tuned regulation of PXR transcriptional activity is due to the great variety of its
ligands, including endobiotic compounds (pregnane, steroids, bile acids, vitamins) and
xenobiotics (macrolide antibiotics, antifungals, toxins, and environmental pollutants) [4,14].
The capability of recognizing and binding a wide range of compounds is probably due to its
structure, in particular to the great flexibility of its LBD [1]. As for other NRs, the first event
leading to PXR activation consists in the binding of the ligand to the receptor LBD [19]. This
binding site, normally characterized by an “α-helical sandwich”, has a unique five-stranded
β-sheet that acts as a homodimerization site, forming tryptophan-zipper interactions [1,18].
Mutations of specific tryptophan residues (Trp223 and 225) within the structure of the PXR
homodimer interface reduces its ability to interact with the steroid receptor coactivator-1
(SRC-1), leading to an impaired transcriptional activity of PXR [18,19]. The flexible and
large ligand-binding pocket of PXR (from 1000 Å to 1540 Å, after ligand binding) is charac-
terized by four distinct regions, i.e., a hydrophobic cage, a polar margin, a hydrophobic
portion, and a polar duct [7,18,20]. As stated before, xenobiotics could take advantage
of LBD flexibility to interact with the PXR receptor. For example, rifampicin interacts
with 18 residues of the LBD, forming hydrogen bonds with Ser247, His407, and Gln285,
while the HIV reverse transcriptase inhibitor PNU-142721 uses the hydrophobic cage to
connect with PXR, through a π–π bond with Phe288 [18]. Some species-related differences
observed in the affinity of PXR ligands could be ascribable to the low homology (73%) of the
ligand-binding pocket of PXR between human and mouse [21]. Consequently, rifampicin
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shows a high affinity towards human but not murine PXR, while PCN is a potent activator
of PXR in mice.
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Figure 1. PXR structure (a) and activation following ligand binding (b). Upon ligand binding, PXR
enters the nucleus and forms a complex with RXR. The recruitment of the coactivators HAT and SRC-1
into the complex further promotes PXR binding to DNA response elements, allowing the entrance
of RNA polymerase II that starts gene transcription. HDAC downregulates PXR transcriptional
activity. Abbreviations: DNA-binding domain (DBD), ligand-binding region (LBD), steroid receptor
coactivator-1 (SRC-1), retinoid X receptor (RXR), histone acetyltransferase (HAT), histone deacetylase
(HDAC).

Two mechanisms have been proposed for PXR activation, i.e., the indirect and the
direct mechanisms [4]. Although the “ligand-binding model” (direct) is the most popular,
a non-classical (indirect) model of PXR activation has been recently investigated. This
is based on the fact that several signaling pathways might alter the phosphorylation of
PXR and/or associated proteins, leading to modifications of its activation [4]. For instance,
in vivo studies assessed that forskolin triggers protein kinase A (PKA) signaling, enhancing
the PXR-mediated induction of CYP3A4 in hepatocytes, upon recruitment of peroxisome
proliferator-activated receptor gamma (PPARγ) coactivator-1 [4,19]. PKA signaling is
also responsible for the binding between the coactivator SRC-1 and PXR. On the other
hand, protein kinase C (PKC) signaling recruits corepressors, such as the nuclear receptor
corepressor 1 (Ncor1), thereby inhibiting PXR activity [22].

By contrast, the direct mechanism of action is well-known and widespread among
NRs and consists in the translocation of cytoplasmic PXR to the nucleus induced by ligand
binding [23]. Upon ligand binding, the transactivation domains AF-1 and AF-2 act as inter-
faces of PXR since they mediate the recruitment of coregulators on specific target genes [5].
Interestingly, AF-2 plays a key role in defining the fate of PXR ligands as agonists or antag-
onists. When the AF-2 helix is placed in an “inward” spot, a compound is defined as an
agonist, while an “outward” status of the helix imparts to the ligand an antagonist func-
tion [18]. Once in the nucleus, the ligand–PXR complex first binds to the retinoid X receptor
α (RXRα), forming an heterotetrametric complex with the coactivator SRC-1 (Figure 1b),
thereby enhancing the binding of the highly conserved zinc-fingers motifs present in the
DBD to multiple DNA response elements in the promoter region of target genes [4,18,19].
Coactivators further recruit secondary coactivators and chromatin-associated enzyme, such
as histone acetyltransferase (HAT), forming a multiprotein coactivator complex [24]. This
prototypical transcriptional complex reorganizes the chromatin of the target genes, allowing
the entrance of the transcriptional components of RNA polymerase II [7,23]. Conversely,
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the recruitment of histone deacetylases (HDACs) by corepressors downregulates gene
transcription [7].

Upon binding to DNA response elements, PXR transcriptional activity regulates
the expression of DMETs, e.g., CYP3A4, CYP2B, glutathione S-transferase, OATP2, and
MDR1 [19,25]. Therefore, PXR plays a role in the regulation of many physiological and
pathological processes in the liver, such as the metabolism of drugs, bile acids, and choles-
terol, but has also been involved in molecular pathways triggering inflammation and
cancer [19,25]. Hence, since PXR is responsible for controlling the transcription of genes
involved in fibrogenesis, inflammation, and cell proliferation, many efforts have been ad-
dressed to unravel its role in the development of chronic liver diseases, a broad spectrum of
different dysfunctions variable both for etiologies and pathological features. Several pieces
of evidence of PXR regulation and activity have been obtained in these contexts, although
sometimes controversial and disease specific. The findings on the different ways that PXR
is regulated in the most common chronic liver diseases are summarized in Figure 2 and
described in detail below.
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Figure 2. Role of PXR in chronic liver diseases of different etiology.

3. PXR and Cholestasis

Cholestatic liver diseases include hereditary and acquired diseases causing the typical
signs of an accumulation of cytotoxic bile acids (BAs), e.g., pruritus, and liver osteodystro-
phy [26,27]. The data obtained about the expression and putative role of PXR in cholestatic
diseases are described below and will probably deserve further investigation since contro-
versial evidence has been obtained so far. For example, clinical studies demonstrated that a
marked increase in PXR gene and protein levels was observed in patients with obstructive
cholestasis with respect to controls [28,29], whereas children with biliary atresia showed a
PXR downregulation in the late stage of obstructive cholestasis [30].

3.1. The Homeostasis of Bile Acids and PXR

The liver is involved in the synthesis and transport of BAs [31], which are the result
of cholesterol metabolism and act as emulsifiers to facilitate the absorption of liposoluble
vitamins and lipids in the intestine, due to their amphiphilic nature [32,33]. A dysfunction
of their synthesis in hepatocytes, an impairment or obstruction of bile flow or atypical
bile secretion in proximity of cholangiocytes may induce cholestasis [32]. There are two
main metabolic pathways for the synthesis of BAs, called either the classical (neutral) or
alternative (acid) pathway [34]. Most of the BAs (about 75%) are produced by the former,
including the primary BAs cholic acid (CA) and chenodeoxycholic acid (CDCA) [35].
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This pathway starts with a 7α-hydroxylation of cholesterol by the rate limiting-enzyme
CYP7A1, followed by the cleavage of the cholesterol side chain operated by CYP8B1,
which determines the CA/CDCA ratio [34,36]. Interestingly, preclinical in vivo studies
demonstrated that the genetic deletion of CYP7A1 caused a high perinatal mortality and
severe malnourishment of liposoluble vitamins and lipids in mice that survived. However,
it has also been observed that surviving mice were able to produce BAs, although in low
amount, thereby suggesting the presence of an alternative pathway [37]. Other studies
demonstrated that this alternative pathway is mainly extra-hepatic and starts with a sterol
27-hydroxylation of cholesterol catalyzed by CYP27A1, followed by a 7-α hydroxylation
mediated by CYP7B1 producing three oxysterols [35,37,38]. The main outcome of the
rate-limiting enzyme CYP7B1 is CDCA [34]. Once synthetized and before entering the bile
canaliculi, the primary BAs are conjugated with glycine (in humans) and taurine (in humans
and mice), released from hepatocytes, and stored in the gallbladder [32]. After meals, they
are released into the small intestine to help the uptake of dietary lipids [39]. Once in
the bowel, the gut microbiota is responsible for the deconjugation of primary BAs by the
enzyme bile salt hydrolase (BSH) [34]. This reaction is followed by 7α-dehydroxylation and
epimerization, leading the conversion of primary unconjugated into secondary conjugated
BAs, such as lithocholic acid, deoxycholic acid, and ursodeoxycholic acid (UDCA) [31,32].
The 95% of BAs that are reabsorbed in the ileum by the enterohepatic cycle reach back
to the liver [34]. Although a small portion of them passively cross the membrane of
enterocytes, most of the BAs are reabsorbed by active transport by the apical sodium-
dependent transporter (ASBT) [39]. Thanks to the basolateral organic solute transporter
αβ (OSTαβ), they enter the portal circulation and cross the hepatocyte membrane via the
organic anion-transporting polypeptide (OATP) or the sodium-taurocholate cotransporting
polypeptide (NTCP) [31,39]. The remaining 5% is not absorbed in the ileum but reaches
the colon, where the gut microbiota perform their deamination and dehydroxylation,
allowing their passive reabsorption through the colonic epithelium. The BAs that are not
reabsorbed by colon cells are excreted by feces [32,39]. The complexity of these mechanisms,
i.e., synthesis, conjugation, uptake, and export of BAs, explains the reason why their
homeostasis needs to be finely regulated by several cellular pathways, including PXR-
mediated signaling.

A role of PXR in BA homeostasis was reported for the first time by Staudinger and
colleagues, who demonstrated that lithocholic acid and its metabolites could act as PXR
activators [32,40]. Nevertheless, some controversial findings have been reported so far
regarding the concentration of BAs able to trigger PXR-mediated signaling. Indeed, some
studies suggested that physiological concentrations of BAs are not sufficient to activate
PXR-related pathways, whereas the increase in BA release occurring after a scratch damage
of intrahepatic bile ducts does activate PXR, affecting the transcription of PXR-regulated
genes, as for example CYP3A4, that are also responsible for BA detoxification [33,41].
Other PXR-regulated genes including enzymes, growth factors, bile acids transporters, and
efflux pumps demonstrated a protective role towards cholestatic injury. Therefore, PXR
seems to play an anti-cholestatic role by both inhibiting BA synthesis and enhancing the
activity of the detoxification apparatus responsible for their elimination [32]. Interestingly,
the homeostasis of BAs is regulated by the negative feedback of farnesoid X receptor
(FXR), which upon BA binding activates a signaling cascade able to upregulate the enteral
fibroblast growth factor 19 (FGF-19) [31]. Once in the hepatocyte, FGF-19 binds to the FGF
receptor 4 (FGFR4), triggering the co-receptor β-klotho, which reduces the synthesis of
BAs by inhibiting CYP7A1 transcription [42]. It has been demonstrated that PXR uses the
FGF-19/CYP7A1 axis to help FXR in the homeostasis of BAs [32]. Although some evidence
indicates that PXR expression increased in patients with cholestatic diseases (see below),
further analyses on late-stage cholestasis revealed a downregulation of PXR [12]. This
observation confirms the results indicating that PXR expression varies according to the
different stages of cholestasis. Indeed, a preclinical in vivo study investigating PXR and
CAR-mediated CYP3A modulation in bile duct ligated (BDL) rats showed that, after an
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initial upregulation during the first stages, these two NRs virtually disappeared in the late
stages of cholestatic disease [43].

3.2. PXR and Autoimmune Cholestatic Diseases

The most diagnosed chronic cholestatic diseases are primary biliary cholangitis (PBC)
and primary sclerosing cholangitis (PSC), both characterized by an immune-mediated
damage affecting the small intrahepatic bile duct (PBC) or the intra- and extrahepatic
large bile ducts (PSC) [32]. In addition to the immune-mediated damage, the pathogenic
features of PBC and PSC include inflammation induced by BA toxicity and subsequent
wound-healing responses with peculiar fibrotic outcomes [27,39].

PBC is a rare condition that predominantly affects women with a 10:1 ratio to males.
Genetic factors, such as the above-stated female sex or variants in the human leukocyte
antigens (HLA) locus, are known to influence the development of this disease [27,39].
Interestingly, the immune attack to biliary epithelial cells (BECs) is due to a loss of tolerance
towards the modified E2 subunit of the mitochondrial pyruvate dehydrogenase complex
(PDC-E2). This complex is recognized by antimitochondrial antibodies (AMAs) that,
together with an infiltration of CD4+ and CD8+T cells, constitute the main pathogenic
features of PBC [27,39]. Aberrant modifications of the PDC–E2 complex are responsible
for the loss of BECs integrity. In addition, an impairment of anion exchanger 2 (AE2)
activity on BECs membrane could alter the pH of cholangiocytes, creating an alkaline
intracellular environment triggering cyclases able to acidify bile salts [39,44]. Consequently,
BECs or cholangiocytes undergo apoptotic processes since they are sensitive to the action
of cytotoxic BAs [39].

PSC is a rare condition affecting EU habitants with a ratio of 1:2000 [45]. Fibrosis
and inflammation are responsible for multifocal biliary strictures, orchestrated by hepatic
stellate cells, portal macrophages, and cholangiocytes [45]. Although the pathological
mechanisms behind its development are not completely understood, there is a general
consensus that other autoimmune diseases—for example, inflammatory bowel diseases
(IBD)—represent a risk factor for PSC, and the senescence of cholangiocytes is directly
associated to its severity [27,46].

Much evidence demonstrated that PXR expression is modulated in both PBC and
PSC (Table 1). While alterations in PXR gene expression are known to play a significant
role in the prognosis of PSC, a study by Poupon and collaborators demonstrated that the
genetic background of PXR, specifically a single nucleotide polymorphism (SNP) C/A in
exon 9 of 3′-UTR of NR1L2/PXR, is weakly correlated with the progression and severity
of PBC [47]. Furthermore, it has been demonstrated that in PBC patients grade III and
IV, PXR expression is reduced by 40–60% with respect to healthy subjects [48]. A study
investigating the use of bezafibrate, a dual PPAR/PXR agonist, in PBC patients found a
significant increase in PXR gene expression after treatment and suggested that this decrease
may contribute to the anticholestatic activity of bezafibrate [49].

The common trait of PBC and PSC is the loss of tolerance against self-molecules,
thus triggering an increased activation of the immune system and production of pro-
inflammatory mediators, sometimes accompanied by extrahepatic autoimmune manifes-
tations [50]. The increased amount of toxic BAs characterizing these diseases leads to the
injury of cholangiocytes and activates a signaling cascade that sustains the release of pro-
inflammatory cytokines and chemokines [51,52]. Notably, PBC patients show an elevated
number of toll-like receptors (TLRs) on BECs. Upon TLR–ligand binding, a recruitment of
leukocytes to the non-immune tolerated area on cholangiocytes occurs, probably AE2 or the
PDC–E2 complex [52]. The stimulation of TLR-mediated signaling leads to the recruitment
of pro-inflammatory factors, such as NF-kB factor and related cytokines [52]. Although the
relationship between PXR and aberrant TLR-mediated immune responses in PBC is far
from being completely understood, PXR has been proposed as a novel therapeutic target
for diseases characterized by excessive TLR4 activation, such as intestinal inflammatory
disorders, since PXR negatively regulates TLR4 [53]. It has been demonstrated that the
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PXR/RXR heterocomplex downregulates TLR4 signaling cascades and decreases inflamma-
tion. However, further studies aiming at understanding the involvement of the PXR–TLR4
pathway in the recruitment of immune cells should be performed.

The PXR activator rifampicin is used for the treatment of itches in cholestatic pa-
tients, and also for symptomatic gallstone disease [39,54]. Studies on rifampicin-treated
patients undergoing cholecystectomy suggested that the therapeutic effect of the drug
is due to the upregulation of the phase II uridine diphosphate glucuronosyltransferase
(UGT1A1) and the multidrug resistance protein 2 transporter (MRP2), both mediated by
PXR activation [41,55,56]. PXR activation has also been shown to upregulate the phase II
enzyme sulfotransferase 2A1 (SULT2A1) in cholestatic disorders [32]. Based on Wunsch
and colleagues’ findings, only in PBC patients was the overexpression of PXR in line with
the enhanced transcriptional activity of SULT2A1, whereas PXR activation seems not to be
responsible for increased levels of SULT2A1 in PSC patients, suggesting a disease-specific
transcriptional effect of PXR on this enzyme [57].

Table 1. Main studies investigating the involvement of PXR in cholestatic liver diseases.

Effect Model Reference

Increase in PXR gene and protein levels Patients with
obstructive cholestasis [28,29]

PXR downregulation in the late stage of
obstructive cholestasis Children with biliary atresia [30]

PXR upregulation in the first stages and
downregulation in the late stages of

cholestatic disease
BDL rats [43]

A SNP the exon 9 of PXR is weakly correlated
with the progression and severity of PBC PBC patients [47]

Reduction in PXR expression with respect to
healthy subjects PBC patients grade III and IV [48]

Bezafibrate increases PXR gene expression
exerting anticholestatic effect PBC patients [49]

Rifampicin-induced PXR activation mediates
the upregulation of UGT1A1 and MRP2

Rifampicin-treated patients
undergoing cholecystectomy [55,56]

PXR overexpression correlates with SULT2A1
upregulation only in PBC patients PBC and PSC patients [57]

4. PXR and Liver Steatosis

Nonalcoholic fatty liver disease (NAFLD) comprises a variable degree of liver dysfunc-
tion ranging from simple steatosis, where lipid droplets accumulate within hepatocytes,
to nonalcoholic steatohepatitis (NASH), characterized by hepatic inflammation and fi-
brosis [58,59]. NAFLD has become a public health issue of increasing relevance, due to
incorrect lifestyle and food habits, characterized by the excessive intake of fat and sugar [60].
Being usually not accompanied by visible pathological signs, NAFLD is hardly diagnosed
in the initial phase, whereas when reaching the final stage of NASH it could decline to liver
cirrhosis and hepatocellular carcinoma [59]. One common feature of liver steatosis of all
degrees is the accumulation of lipids in the cytoplasm of hepatocytes, due to an impaired
modulation of lipid intake, de novo lipogenesis, and lipid metabolism [36].

Since PXR is involved in the regulation of lipid metabolism, some studies have focused
on investigating its role in NAFLD and NASH (Table 2). Although some experimental
findings demonstrated a correlation between NAFLD and the dysregulation of genes con-
trolled by PXR [61], this topic is still debated, and controversial results have been obtained
by both preclinical and clinical studies. Some PXR gene variants have been correlated with
NAFLD severity and could be responsible for the progression towards more severe disease
stages [62]. Several studies demonstrated that a significant activation of PXR in mice fed
with a diet rich in fat and cholesterol promoted the typical hallmarks of NAFLD and NASH,
such as steatosis, inflammation, and lipotoxicity, suggesting that PXR activation seems to in-
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crease lipid accumulation in the liver, promoting a “fatty phenotype” [63–65]. Consistently,
a reduction in high-fat diet (HFD)-induced obesity was observed in PXR KO mice and
was correlated with an upregulation of FGF15 expression, which suppresses the synthesis
of bile acids and reduces lipid absorption and triglycerides in the liver [66]. Accordingly,
PXR resulted in being upregulated in the pediatric patients enrolled in the TONIC trial,
affected by fibrosis associated with NAFLD. Based on the prognostic relevance of fibrosis
in NAFLD patients, PXR has been suggested to have a relevant clinical implication [67,68].
A transcriptome analysis revealed a significant difference between mice fed with HFD
and mice fed with a low-fat diet [69]. In detail, Xilin and collaborators analyzed PXR
and CAR-modulated CYP3A expression and activity, observing that the administration of
HFD activated PXR, inducing both the expression and enzymatic activity of CYP3A11, the
murine homologue of the human CYP3A4 [70]. The strong correlation between CYP3A11
expression and PXR activation was observed in all the stages of the disease, from the uncom-
plicated steatosis to the development of NASH and liver fibrosis [69]. This transcriptional
effect on CYP3A11 was not related to CAR activity. Additionally, the activation of PXR
regulates specific transcription factors involved in the metabolic homeostasis of the liver, in
particular the sterol regulatory element binding protein (SREBP1) and PPARα [71]. Hence,
PPARα is involved in lipid metabolism and translocation, fatty acid (FA) oxidation, and
glucose synthesis [72,73]. Patients and mice with NAFLD showed reduced levels of hepatic
PPARα with respect to those of PPARδ, leading to an increased lipogenesis and decreased
fatty acid oxidation [71]. In conclusion, according to these studies, PXR activation induces
steatosis in the liver by a complex mechanism leading to both an increase in lipogenesis
and a decrease in the β-oxidation of FAs [71,74].

However, PPARα activation is also responsible for the production of fibroblast growth
factor 21 (FGF21) [75], whose signaling plays a key role in the progression of NAFLD, due to
a direct crosstalk with PXR and CYP3A4-related pathways [63,71]. Many studies indicated
that the expression and activity of CYP3A4 decrease with the progression of steatosis,
probably following the FGF21–PXR–CYP3A4 axis [36,63,76]. The relevance of CYP3A4
modulation is linked to its prominent role in the metabolism of drugs since more than 50%
of the drugs currently used are metabolized by this enzyme [77,78]. As demonstrated by
the interesting findings of Woolsey and collaborators, NAFLD is characterized by an excess
of endoplasmic reticulum (ER) stress that induces the expression of FGF21. This growth
factor might enhance mitogen-activated protein kinase (MAPK), which phosphorylates
PXR, modulating its intracellular localization. This process results in a reduction in PXR
translocation in the nucleus, subsequently leading to a decreased PXR-mediated activation
of CYP3A4 transcription [76]. Additionally, in vitro experiments demonstrated that changes
in CYP3A4 expression might be associated with free FA-induced steatosis [79].

One of the reasons for the controversial data that have been obtained could reside in
the difference in the mechanisms observed in preclinical models and humans. For example,
it has been demonstrated that the activation of PXR transcriptional activity leads to opposite
effects on gluconeogenesis in rodents and humans [64]. Moreover, the possible influence
of disease severity on PXR activation and role can be an explanation of the observed
inconsistencies.

In conclusion, more studies are needed to unravel whether PXR plays a role in the
development and the progression of NAFLD/NASH and to understand the timing of its
function in the different stages of this complex disease.
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Table 2. Main studies investigating the involvement of PXR in NAFLD/NASH.

Effect Model Reference

HFD-induced PXR activation promotes steatosis,
inflammation, and lipotoxicity

Mice fed with high fat and
cholesterol diet [65]

PXR genetic deletion reduces HFD-induced
obesity and FGF15 expression, decreases the

absorption of BAs and lipids and
hepatic triglycerides

HFD-fed PXR KO mice [66]

PXR expression is upregulated according to the
degree of fibrosis

Pediatric and adult patients
with NAFLD and fibrosis [67,68]

HFD induces PXR upregulation and increases
CYP3A11 expression and activity HFD-fed mice [69]

PXR regulates the expression of SREBP1 and
PPARα, increases lipogenesis and reduces the

oxidation of fatty acids

NAFLD mice and
patients review [74]

HFD reduces PXR activation and CYP3A4
expression due to an imbalance of the

FGF21–PXR–CYP3A4 axis

Lipid-loaded Huh7 cells and
HFD-fed mice [76]

5. PXR and Liver Fibrosis

Liver fibrosis is the main outcome of chronic liver diseases of different etiologies,
such as excessive consumption of alcohol (ALD), viral hepatitis (HBV, HCV), steatosis,
and cholestasis [80]. Mechanistically, fibrosis is the result of an impaired regenerative
response to liver injury that leads to abnormal wound-healing processes, characterized by
an accumulation of extracellular matrix (ECM) and inflammatory mediators [10,80]. The
main cellular features of this condition are hepatocyte damage, recruitment of inflammatory
cells from circulation to the damaged site, and activation of the collagen-producing hepatic
stellate cells (HSCs) [81].

Liver fibrosis represents a condition of liver damage affecting more than 800 million
people worldwide [82]. Although reversible, fibrosis could progress to life-threatening
conditions such as liver cirrhosis and HCC [80]. Fibrogenesis is regulated by the fine
crosstalk between several liver cells, such as Kupffer cells, damaged hepatocytes, activated
HSCs, monocyte-derived macrophages (MomFs), and other immune cells. In consequence
of liver damage, several stimuli activate Kupffer cells, which produce interleukins (IL-6,
IL-1β), chemokines (CCL5), growth factors (TGFβ, PDGF), and reactive oxygen species
(ROS) that activate hepatic stellate cells (HSCs) and recruit inflammatory MomFs [82,83].
The growth factor TGF-β1 is responsible for the phenotypic change of quiescent HSCs to
myofibroblasts, able to secrete excessive amounts of ECM [80]. Furthermore, it is known
that in patients with chronic liver disease, a particular subtype of MomFs (CD14highCD16+)
is responsible for the production of the pro-inflammatory cytokines TNFα and IL-1β, which
also activate HSCs and contribute to disease progression [83].

The expression of PXR has been described in HSCs, monocytes, and resident macrophages,
including Kupffer cells [84,85]. Many studies on animal models of liver fibrosis and human
specimens have been undertaken to unravel the possible role of PXR as an antifibrotic
factor (Table 3). In carbon tetrachloride (CCl4)-induced fibrosis, the PXR activator PCN is
able to decrease fibrogenesis by downregulating the TGF–β1 pathway and reducing HSC
activation [84,86]. These findings have also been confirmed by experiments on human
myofibroblasts, which demonstrated that the treatment with PXR activators leads to the
inhibition of HSC differentiation to fibroblasts [10]. Similar effects have been demonstrated
in other experimental models, such as animals treated with thioacetamide or fed with a
high-fat–cholesterol (HFC) diet, where a reduction in PXR expression was observed with
respect to controls. Accordingly, the treatment with PXR activators reduced fibrosis and
improved liver functions (see [12] and references therein).
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Table 3. Main studies investigating the involvement of PXR in liver fibrosis.

Effect Model Reference

PXR activators inhibit HSC
differentiation and reduce hepatic

inflammation and fibrosis
Human myofibroblasts and SJL/J mice [10]

Decrease in PXR expression Mice treated with thioacetamide or fed
with a high-fat–cholesterol (HFC) diet [12]

PCN-induced PXR activation decreases
fibrogenesis by downregulating

TGF–β1 pathway and HSC
transdifferentiation

Mice with CCl4-induced fibrosis [86]

Decrease in PXR expression in
end-stage liver disease, correlated with
the downregulation of GSTA1 and CAR

Patients with end-stage liver disease of
various etiologies [87]

Decrease in PXR expression Patients with viral hepatitis and fibrosis [88,89]

These observations have also been essentially confirmed in humans since a decrease
in PXR expression in the liver of patients with severe fibrosis was observed regardless of
the etiology (ALD, HCV, and PSC), which has been associated with a reduced metabolic
capacity of the liver and hepatic failure [87–89]. Another pro-inflammatory factor playing a
key role in fibrogenesis is NF-kB. Indeed, the NF-kB pathway enhances TGF-β signaling
by downregulating the TGF-β receptor BAMBI, thereby triggering the differentiation of
HSCs [90]. As already explained, the PXR-mediated inhibition of NF-kB was demonstrated
by in vivo studies on rodent models of IBD, showing that PXR is able to inhibit the in-
flammatory cascade triggered by NF-kB [10]. Wallace and colleagues confirmed these
findings also in a mouse model of liver fibrosis, reporting that PCN reduces hepatic NF-kB
activity, inflammation, and fibrosis [10]. PXR also causes the enhancement of hepatocyte
growth, which is a fundamental feature of liver regeneration after an injury. The activation
of PXR regulates cell proliferation, preventing the transcription of cell-cycle suppressors.
Therefore, PXR activation promotes the proliferation of hepatocytes by accelerating their
cell cycle [19].

6. PXR and Liver Cancer
6.1. PXR and Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC), the most common primary tumor affecting the
liver, represents the third cause of cancer-related death in the world. HCC onset and
progression can be summarized by the description of the different phases characterizing
its development. The “initiation phase” consists in DNA damage, due to different causes
including exposure to chemical compounds. This leads to aberrant alterations of oncogenes
and tumor suppressor genes. In the “promotion phase”, hepatocytes display a high
proliferation rate, while in the last phase, i.e., the “progression phase”, hepatic cells progress
to a neoplastic phenotype, sustaining tumor progression and uncontrolled growth [13].

The pleiotropic effects of PXR in cancer have not been completely unraveled, and
controversial observations are reported in the literature in this regard (see [1], Table 4).
Kotiya and collaborators observed that the PXR gene and protein levels were reduced
in a mouse model of HCC obtained by DEN treatment, whereas the expression of the
two pro-inflammatory cytokines IL-6 and TNFα was upregulated. Moreover, the stable
transfection of HepG2 cell line with PXR reduced cell migration, adhesion, and invasion,
thus suggesting that high PXR levels may play an antitumoral role in the liver [91]. At
variance, many studies have demonstrated a correlation between PXR activation and
hepatocyte proliferation, which could prompt HCC development. In this regard, Yoshinari
and colleagues compared mice treated with the PXR activator PCN with mice treated with
PCN in combination with the constitutive androstane receptor (CAR) ligand 1,4-bis-[2-(3,5-
dichloropyridyloxy)]-benzene (TCPOBOP) [13]. CAR is another transcription factor known
to have a crosstalk with PXR and to be activated by xenobiotics, such as phenobarbital



Cells 2022, 11, 61 11 of 18

(PB) [13,92]. The study demonstrated that PXR activation is not able to induce cancerous
hepatocytes proliferation without the concomitant activation of CAR, indicating that both
receptors are needed for HCC development [13]. According to these authors, PXR enhances
the transcriptional activity of CAR, modulating the cell cycle since its activation reduces
the expression of cell-cycle suppressor genes (Cdkn1b, Rbl2, Cdkn1a), accelerating tumor
progression and prompting hepatocytes proliferation. Other in vivo experiments confirm
the crosstalk between PXR and other cell-cycle regulators, such as forkhead box proteins
(FOXO). In summary, exposure to xenobiotics as environmental pollutants and toxins
induces PXR and CAR activation and the consequent hyperproliferation of hepatocytes,
thus prompting cancer development. This process is further sustained by PXR activation,
by downregulating FOXO-dependent suppressor genes, with an impact on cell cycle [93].
The mutual role of PXR and CAR in hepatic carcinogenesis has been confirmed by Shizu
and colleagues, who conducted in vivo experiments with PCN and phenobarbital and
demonstrated that PXR activation increases the proliferation of hepatocytes and becomes
carcinogenic only when PXR activation is concomitant with CAR stimulation [94]. In
another study, the same authors analyzed the effect of long-term PXR activation with
PCN in a mouse model of liver cancer induced by DEN, observing no PCN effect on
cancer progression. Nevertheless, a 22-week co-treatment with PCN and PB increased
the expression of proliferation markers and the number of preneoplastic foci [94]. In
contrast, a more prolonged PXR activation (35 week) attenuated CAR-mediated liver cancer
promotion, by inhibiting the epithelial–mesenchymal transition (EMT) of hepatocytes.
Thus, the authors suggest that the complex interplay between CAR and PXR should be
further exploited to become a pharmacological target for cancer chemotherapy.

Another interesting role of PXR is linked to resistance to cancer chemotherapy. In-
deed, it has been demonstrated that PXR is able to contribute to chemotherapy resis-
tance in many types of cancer, e.g., colon, breast, and prostate cancer, since its activation
regulates transcription of chemoresistance-related genes, such as drug-metabolizing en-
zymes (e.g., CYP3A4) and transporters (P-glycoprotein and other multidrug resistance
proteins) [95,96]. Both preclinical in vitro and clinical studies showed that PXR upreg-
ulation decreased the efficacy of the anticancer drugs sorafenib and doxorubicin by a
mechanism known as TGF-β-induced chemoresistance in liver cancer [97]. Indeed, TGF-β
prompts the non-canonical ERK signaling pathway, activating the transcription factor ETS1
that binds to the PXR promoter, promoting its transcription. This TGF-β/ERK/ETS1/PXR
cascade leads to increased expression of efflux transporters and drug metabolizing enzymes,
thereby inducing drug resistance [97].

Table 4. Main studies investigating the involvement of PXR in liver cancer (HCC).

Effect Model Reference

Decreased PXR gene and protein expression, IL6
and TNFα upregulation

PXR transfection reduces HepG2 migration,
adhesion, and invasion

DEN-treated mice
PXR-transfected HepG2 cells [91]

PXR enhances the transcriptional activity of CAR
and downregulates cell-cycle suppressor genes. PCN-treated mice [93]

PXR activation increases hepatocytes
proliferation but does not affect cancer

progression, whereas concomitant PXR and CAR
activation has a pro-carcinogenic effect

Mice with DEN-induced HCC
treated with PCN and

phenobarbital
[94]

The TGF-β/ERK/ETS1/PXR cascade
upregulates efflux transporters and drug

metabolizing enzymes, inducing drug resistance

HepG2, Huh7, and
PLC/PRF/5 cells [97]
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6.2. PXR and Cholangiocarcinoma

Cholangiocarcinoma (CCA) is a malignancy of the bile duct classified according
to the affected anatomical areas in distal CCA (dCCA), intrahepatic CCA (iCCA), and
perihilar CCA (pCCA) [98]. In detail, iCCA is situated near the second-order bile ducts,
while perihilar and distal CCA are located in the distal extremities of the liver. Since
pCCA originates from the left or right hepatic duct and dCCA interests the bile duct,
they might be considered as extrahepatic CCAs (eCCA) [99]. These malignancies are
often characterized by high and variable mortality rates, depending on gender, genetic
mutations, and geographical origins of the patients, since they more severely affect patients
of the Eastern countries [98,100]. Interestingly, CCA has been found to be widely spread
in the northeastern region of Thailand, hypothesizing that Opisthorchis viverrini infection
might represent an important risk factor for the development of this cancer [100]. PSC
represents another risk factor because biliary inflammation and bile flow impairment lead
to an overexposure of cholangiocytes to toxic BAs, causing a progressive destruction of
intrahepatic bile ducts [101]. Chronic viral diseases such as hepatitis B and C can turn
into liver cirrhosis, commonly characterized by an insufficient bile acid excretion and an
increase in proinflammatory factors, attracting additional bacterial contaminants to the
biliary traits [102]. Furthermore, it has also been demonstrated that metabolic dysfunctions,
including type I and II diabetes and NAFLD, increase the risk of both intra and extrahepatic
CCA. The proposed mechanism relies on the fact that an excess of adipose tissue contributes
to insulin resistance and type II diabetes, leading to a compensatory hyperinsulinemia and
an enhanced production of the insulin-growth factor-1 (IGF-1), whose signaling pathway
increases cell proliferation. To strengthen this association, a study performed by Alvaro and
colleagues found that CCA patients express significantly higher levels of IGF-1 compared
with healthy livers [102]. Hepatic inflammation and cirrhosis of NAFLD patients have
been associated with CCA development since it has been demonstrated that an increase
in pro-inflammatory signaling molecules induces the growth of cholangiocytes and DNA
damage [103].

Regardless of the etiology, CCA is characterized by a severe transformation of cholan-
giocytes, together with high concentrations of conjugated BAs in the liver and in the
blood [100,104]. It has been hypothesized that conjugated BAs may play a key role in the
development of CCA since the bile of CCA patients was found to be enriched of taurine
and glycine-conjugated BAs [101]. This hypothesis has been strengthened by in vitro and
in vivo studies, respectively conducted on QBC939 CCA cells and xenograft mouse models,
demonstrating that conjugated BAs were able to increase the growth of tumoral cells,
whereas free BAs exert beneficial roles by inhibiting tumor development [101].

Despite the well-known relationship between BAs and NRs, which have been de-
scribed in detail above, only a few studies attempted to address this issue in CCA. The role
of the PXR partner RXRα has been investigated by Huang and colleagues, who reported
its overexpression in the cell cytoplasm of human CCA tissues and in CCA cell lines. For
the first time, a role for RXRα has been proposed in CCA growth, by the activation of
the Wtn/β-catenin pathway, enhancing the activity of the cell-cycle regulator cyclin D1.
Moreover, it has been demonstrated that the knockdown of RXRα decreased the survival
of CCA cells by reducing the expression of two G1/S regulators, such as cyclin D1 and
E, leading to cell-cycle arrest [105]. Thus, targeting RXRα might be a strategy for the
development of new therapeutic agents against CCA.

The NR FXR might also be a promising pharmacological target for CCA therapy. Dai
and colleagues conducted several in vitro and in vivo experiments, demonstrating that
CCA cells treated with unconjugated BAs—namely, CA, DCA, and CDCA—enhanced the
expression of FXR, while conjugated BAs decreased its expression. In addition, CCA cell
proliferation was significantly reduced after treatment with unconjugated BAs, so that FXR
expression was inversely correlated with cell growth. Additionally, they demonstrated
that the FXR agonist GW4064 decreased cell viability and abrogated the effect of pro-
carcinogenic conjugated BAs [106].
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Considering these findings on the involvement of RXRα-, which dimerizes with PXR
to promote gene transcription, and FXR-mediated pathways in CCA, the putative role of
PXR should also be evaluated in this hepatic malignancy.

7. PXR-Related Gender Differences in Chronic Liver Disease

A marked gender difference characterizes chronic liver diseases since males are more
prone to develop NAFLD/NASH, fibrosis, and HCC with respect to females [107]. Ac-
cordingly, sex-related dimorphisms of hepatic PXR have been postulated and investigated
in many studies. Baretto and colleagues demonstrated that PXR has a female-specific
inhibitory activity on the transcription of hepatic genes involved in immune functions such
as cytokine secretion and leukocyte recruitment [107]. Interestingly, the genetic deletion
of PXR downregulates the transcription of these genes more severely in female than male
mice. Although the mechanisms underlying this effect remain essentially unknown, it
has been demonstrated that the activation of PXR could interfere with the homeostasis of
sex hormones by increasing the catabolism of androgen and estrogens operated by CYPs
and sulfotransferases. Thus, it has been hypothesized that PXR concurs in maintaining
steroid hormone balance, sexual maturation, and hepatic immune function in females. The
loss of PXR induced a significant downregulation of hepatic sex-specific genes regulating
osteoclast differentiation, T cell activation, phagocytosis, and inflammatory responses [107].
In addition, it has been demonstrated that PXR activation might impact the metabolism of
glucose and lipids, as well as xenobiotic detoxification, in a gender-related manner [107].
Hence, PXR-humanized (hPXR) transgenic mice allowed the observation that PXR played
a gender-dependent role in ethanol-induced liver damage. Indeed, although the level of
alcohol dehydrogenase (ADH) was comparable in female and male mice, females were less
affected by ethanol-induced acute injury than males [108]. Accordingly, further analysis
evaluating CYP2E1 and lactoperoxidase (LPO) levels, which are the source and the main
marker of oxidative stress, respectively, revealed that the amount of oxidative stress was
higher in males [108]. In the same model, gender-related differences have also been demon-
strated in lipid metabolism since females showed an increased mRNA expression of genes
involved in the uptake of fatty acids, in the catabolism of lipids, and in the formation of
very low-density lipoproteins (VLDL) (L-fabp-1 and Mttp). On the other hand, male mice
had a greater susceptibility to the development of steatosis with respect to females, where
an inhibition of the pro-steatotic Pemt gene was observed [108].

Moreover, gender-related multiple gene variants or post-translational modifications
of PXR structure have been reported in many liver diseases and might be considered as
risk factors. For example, it has been demonstrated that single nucleotide polymorphisms
(SNPs) within the promoter and intron1 binding sites of the PXR regulatory region lead
to an impaired expression of PXR and CYP3A4 and that this has been connected to drug-
induced liver damage after antituberculosis therapy [109]. SNPs present in PXR exons are
responsible for modifications of the LBD or DBD, affecting the interactions with ligand
compounds or DNA, whereas SNPs in the noncoding sequences usually affect transcription,
post-transcriptional modifications, and translation [23]. The so called NR1I2-rs7643645
polymorphism is located within the intron1b region, near to the promotor sequence that
specifically binds the hepatic nuclear factor 4α (HNF4α). A loss of this binding site has
been observed in consequence of the mutation from A to G allele NR1I2-rs7643645 and
causes a loss of 82% HNF4α-related genes in males. In females, a suppression of a lower
percentage (52%) of transcription has been noticed, accompanied by an upregulation
of a small number of HNF4α-related genes [109]. It should be noticed that the lack of
HNF4α in the liver seems to be associated with impaired lipid, glucose, cholesterol, and
BA homeostasis and is considered as a pivotal regulator of hepatic transcriptome. Some
of the genes downregulated in HNF4α-liver knockout mice in a male-specific manner are
Cyp7b1, involved in the synthesis of BAs, Hsd3b4 (hydroxysteroid dehydrogenase 4), and
Nox4 (NADPH oxidase 4), involved in oxidative stress [110,111].
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In summary, although the role of gender in the regulation of PXR and its target genes
in chronic liver diseases are far from being completely elucidated, there is evidence that
PXR function is differently modulated in males and females and that SNPs in PXR sequence
affect the hypofunction of HFN4α in a gender-related manner since the downregulation
of sex-specific genes prominently affects males. As explained before, a loss of HFN4α has
been widely correlated with liver inflammation, fibrosis, hepatocellular carcinoma, and
aberrant changes in physiological functions such as drug metabolism and transport [112].
Further preclinical and clinical studies involving both males and females are encouraged to
gain insight into this topic.

8. Conclusions

Many in vitro and in vivo studies demonstrated the involvement of PXR in chronic
liver diseases of different etiologies, together with its known xenosensor function, operated
by modulating the expression of drug metabolizing enzymes and drug transporters. It has
also been demonstrated that PXR activity is connected with that of other NRs, such as CAR
and PPARs, which in turn orchestrate a complex network of responses that, in addition to
regulating DMETs, are involved in both liver damage progression and repair, and in the
neoplastic transition to HCC [92].

In conclusion, although many pathways of these finely tuned networks still need to
be fully understood and characterized, probably due to the species-related differences
that can reduce the translational relevance of animal studies and to changes related to
the natural history of the diseases, PXR and its modulation could represent a promising
pharmacological target for the identification of novel therapeutical approaches for chronic
liver diseases.
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