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Abstract: Nuclear receptors are intracellular proteins which, having been
activated by their more or less specific ligands, regulate (usually increase) the
transcription of target genes. They thus participate in a regulation of a number of
physiologic functions. Some of them – especially pregnane xenobiotic receptors –
serve primarily as protection of the organism from the xenobiotic intoxication.
This is because many xenobiotics activate their function which consists in
increasing the gene expression of enzymes involved in the metabolism of
xenobiotics and detoxication drug transporters. Clarification of these mechanisms
enabled the understanding of the substance of many drug-drug interactions
observed in the clinical practice. Polymorphism of the nuclear receptors appears
to be one of the causes of the interindividual variability in response to drug
administration.
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Nuclear receptors
Nuclear receptors are involved in the superfamily of intracellular receptors
(proteins). They are located either in the cytoplasm or in the nucleus. Having
been activated by the ligand, they bind to specific spots on the DNA and work
as transcription factors (they activate the gene transcription). By this mechanism,
they regulate a wide range of physiologic functions, such as the ontogenesis,
reproduction, differentiation, metabolism and homeostasis (Jacobs et al., 2003).
The selectivity of the effects, mediated by the nuclear receptors, as well as the
possibility to regulate these effects, is given both by the affinity of particular ligands
to particular receptors (some ligands activate a number of receptors, others act
very specifically) and by the representation of particular receptors in particular
tissues/organs. In addition, some receptors occur in more subtypes, while each
subtype can be influenced by other ligands and can be located in other tissues,
and thus mediate different effects (Mangelsdorf et al., 1992; Braissant et al., 1996;
Harrington et al., 2003).
Nuclear receptors consist of 4–5 domains marked as A/B, C, D, E and F. These
domains are often called with titles expressing their function. A/B domain
is called the modulator domain, C as the DNA binding domain (DBD), D domain
forms a hinge region between the C and E domains, thus enabling taking various
conformations, E is the ligand binding domain (LBD). The F domain is only present
at some nuclear receptors, while it is lacking at the others. No other function of it
has been described so far (Giguère, 1999; Bain et al., 2007).
Recently, a large number of nuclear receptors is known already, e.g. the steroid
hormone receptors (AR – androgen receptors, ER – estrogen receptors,
PR – progesterone receptors, MR – mineralcorticoid receptors,
GR – glucocorticoid receptors), receptors of the thyroid gland hormones (TR),
receptors for vitamin D (VDR), constitutive androstane receptors (CAR),
peroxisome proliferator activated receptors (PPAR), liver xenobiotic receptors
(LXR), farnesoid xenobiotic receptors (FXR), retinoid xenobiotic receptors (RXR),
pregnane xenobiotic receptors (PXR) and many others (Germain et al., 2006).
PXR (pregnane xenobiotic receptors)
In 1998, Kliewer et al. described new nuclear receptors. With regards to their
activation by many natural as well as synthetic progestins, they were named
pregnane xenobiotic receptors (Kliewer et al., 1998). Before their title became
generally accustomed, they used to be called “steroid and xenobiotic” receptors
(SXR) or “pregnane-activated” receptors (PAR) in some works (Bertilsson et
al., 1998; Blumberg et al., 1998). PXR are localized preliminarily in the liver and
intestine, to a lesser extent they are expressed also in other tissues – e.g. in the
kidney, lungs and stomach (Zhang et al., 1999). There is no consensus about the
intracellular localization of PXR. Some works describe PXR occurrence in the
nucleus only, regardless of whether they are in the state of activation by ligands
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or not (Koyano et al., 2004). Other works document cytoplasmic localization of
PXR and their translocation to the nucleus, after their activation by the ligands
(Kawana et al., 2003). PXR bind to DNA binding sequences (sometimes referred to
as PXR-response elements) in the form of a heterodimer with RXR (Glass, 1994).
PXR ligands
Researches using SPA (scintillation proximity assay) and CARLA (coactivator
receptor ligand assay) methods showed that PXR are activated by direct binding of
ligand to the receptor (Krey et al., 1997; Lehmann et al., 1998; Jones et al., 2000).
PXR ligands include substances of both exogenous and endogenous origin,
often very diverse in terms of their chemical structure – in size and shape of
the molecule, as well as in chemical and physical-chemical properties. As a ligand,
binding to human PXR, was described e.g. pregnenolone and its metabolites (the
strongest PXR activator of them is 5β-pregnane-3,20-dione), vitamin E (especially
γ-tocotrienol is responsible for its effect), 9-cis retinoic acid, hyperforin (content
substance of the St. John’s wort extract, used as antidepressant) and many
other drugs (cyproterone acetate, dexamethasone, phenobarbital, clotrimazole,
mifepristone, rifampicin, ritonavir, spironolactone, tamoxifen, troglitazone). As the
strongest PXR activator has so far been described SR12813 (tetraethyl 2-(3,5-di-tertbutyl-4-hydroxyphenyl)ethenyl-1,1-bisphosphonate) (Lehmann et al., 1998; Jones
et al., 2000; Wentworth et al., 2000; Dussault et al., 2001; Desai et al., 2002; Zhou
et al., 2004). No other so far known nuclear receptors show such a diversity of
ligands. For this reason, and in connection with a large number
of biotransformation enzymes and detoxifying drug transporters that they influence
(see below), PXR are considered a key factor in the system of organism protection
against xenobiotic intoxication or high level of endogenous substances
(Orans et al., 2005).
Unlike most other nuclear receptors, PXR show significant interspecies
differences in the LBD sequence (less than 80 percent of sequence homology
in the LBD, in comparison with more than 95 percent of sequence homology
in the DBD). This results in different regulation of target structures transcription
in various species, as a response to diverse extent of activation by the same ligand.
For instance rifampicin is a strong PXR activator in humans and rabbits, while the
mouse and rat PXR activates only slightly. On the contrary, PCN (pregnenolone16α-carbonitrile) strongly activates PXR of mice and rats, on PXR of humans
and rabbits it affects very weakly, though (Jones et al., 2000; Orans et al., 2005).
Different enantiomers of the same optically active compound can also cause
different extent of PXR activation in various species. Well-described is e.g. PXR
activation by the substance S20 (chemically C-cyclopropylalkylamide), where (-)-S20
enantiomer is a strong PXR activator in mice and weak PXR activator in humans,
while (+)-S20 activates strongly human PXR and weakly the mouse one
(Mu et al., 2005).
PXR and Drug Elimination
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Occupying PXR by ligand is a significant but not the sole factor determining
the transcription activity of PXR. That is complicatedly regulated by many others,
so-called epigenetic factors. PXR interact with coregulators (e.g. steroid/nuclear
receptor coactivator SRC-1, hepatocyte nuclear factor HNF-4α and protein
arginine methyltransferase PRMT1), which affect chromatine modification of DNA,
thus making the binding spots for PXR either accessible or inaccessible. Also
the posttranslational modification of PXR regulates their resulting activity. There
was described e.g. acetylation, phosphorylation, ubiquitination and sumoylation
(Staudinger et al., 2011; Tian, 2013).
PXR-mediated regulation of xenobiotics eliminating structures
Binding spots for PXR, the so-called PXR response elements were observed in
promoter areas of many genes, coding the enzymes of I. and II. phases of drug
metabolism, as well as detoxification transport proteins. In humans, PXR regulate
the transcription of genes for CYP3A, CYP2C, CYP2B and CYP7A enzyme
subfamilies, glutathione-S-transferase and MRP1, MRP2 (multidrug resistanceassociated protein 1 and 2) and OATP (organic anion-transporting polypeptide)
transporters (Lehmann et al., 1998; Fromm et al., 2000; Goodwin et al., 2001; Li and
Chiang, 2005; Chen and Goldstein, 2009; Svoboda et al., 2011). Crucial significance
for drug elimination from the organism has especially the PXR-mediated induction
of enzymes CYP3A4, CYP2C9, CYP2C19, CYP2B6 (I. metabolism phase) and
glutathione-S-transferase (II. metabolism phase), as well as the MRP1 transporter,
known as P-glycoprotein (Wang et al., 2012). In addition, PXR are involved in
metabolism regulation and in excretion of cholesterol and bile acids, where the
key role plays inhibition of CYP7A1 gene expression and induction of OATP2 and
MRP2 transporters gene expression (Jonker et al., 2012). PXR are also involved in
regulation of energetic metabolism (Wada et al., 2009).
In mice, partial function overlap of PXR and CAR has been observed. Both
receptors have some common ligands and both participate in expression regulation
of some genes, too. Specifically e.g. phenobarbital is an activating ligand of both
PXR and CAR. Having been activated by phenobarbital, both these receptors bind
to the same binding spots on DNA in the promoter areas of genes for not only
CYP3A, but also CYP2B enzyme subfamily, thus activating their transcription (Xie
et al., 2000).
In humans, there was described a synergistic effect of glucocorticoid receptors,
increasing the PXR-mediated activation of gene transcription. E.g. dexamethasone
induces CYP3A4 even in low concentrations which are not sufficient for PXR
activation, but which activate GR. It has been found out that GR, after activation,
increase the expression of genes for PXR and CAR, and these receptors
then mediate induction of CYP3A4 (Pascussi et al., 2001). By this mechanism,
dexamethasone induces also CYP2B6. By administering dexamethasone in low
concentration (which does not activate PXR but does activate GR) together
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with some PXR activators (rifampicin, phenobarbital, phenytoin, clotrimazole), it
resulted in significant increase of induction of CYP2B6, as opposed to administering
the ligand alone (rifampicin, phenobarbital, phenytoin, clotrimazole) without
dexamethasone (Wang et al., 2003).
The above stated implies that regulatory mechanisms resulting in xenobiotic
elimination are complex, and signalling pathways of nuclear receptors are mutually
intersected.
Polymorphisms of PXR, interindividual variability of CYP3A4
Enzyme CYP3A4 is regarded as the main isoform of cytochrome P450, involved in
drug metabolism. It is stated that it participates in metabolism of more than half of
the drugs used in clinical practice (Schuetz, 2004). There were described multiple
interindividual differences in expression of this isoform in human liver, as well
as in clearance of model drugs metabolised using CYP3A4 (midazolam) (Lamba
et al., 2002; Floyd et al., 2003). This individual variability in activity of CYP3A4 is
attributed to genetic polymorphism (Ozdemir et al., 2000). Nonetheless, there
were discovered spot mutations (SNP – single nucleotide polymorphism) in both
regulatory and coding areas of the gene for CYP3A4 which do not correlate with
the degree of expression and function of CYP3A4. That is why they are unlikely to
be the cause of the above mentioned variability (Eichelbaum and Burk, 2001; Lamba
et al., 2002; Schuetz, 2004).
A possible explanation offers the polymorphism of PXR, main regulators of
CYP3A4 expression. Many SNP were found in the gene for human PXR, however,
only some of them were of the missense type (i.e. leading to substitution of the
amino acid in the primary structure of PXR). In comparison with the wild type
allele, at four of these mutations a change of phenotype of CYP3A4 occurred, both
in the state of basal activity and after induction evoked by rifampicin. Specifically,
these are PXR polymorphisms V140M, D163G, A370T and R122Q. Allele R122Q,
which alters an amino acid in the DBD of PXR, leads to decreasing the affinity of
ligand-activated PXR to the binding spot on DNA. This results in a decrease
of the transcription activity of PXR. Alleles V140M, D163G and A370T result
in alteration of amino acid in the LBD of receptors. While D163G causes
a decrease in the activity compared to the wild type allele, V140M and A370T
increase the transcription activity (Hustert et al., 2001; Zhang et al., 2001; Zhang
et al., 2008). Nevertheless, it shows that PXR polymorphism is not the only factor
causing interindividual variability of CYP3A4 in population (Wang and LeCluyse,
2003). With regards to complexity of the processes leading to elimination of
xenobiotics, more structures involved in the signalling cascades are expected to
contribute partially to interindividual variability of activity of CYP3A4.
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Consequence of drug-induced activation of PXR in clinical practice
As it was mentioned, many drugs used in the clinical practice activate PXR. These,
as the main regulatory element of xenobiotic elimination, then increase gene
expression of enzymes involved in drug metabolism (CYP3A4, CYP2C9, CYP2C19,
CYP2B6), and of detoxification drug transporters (MRP1, MRP2). This way, it can
thus lead to drug interactions with a wide range of drugs.
As strong enzyme inductors are considered e.g. the antituberculotic drug
rifampicin and the anticonvulsants phenobarbital, phenytoin and carbamazepine.
At all of these substances, PXR activation is considered as a cause of the enzyme
induction (Cui et al., 2008). If other drugs are administered concurrently with
them, whose clearance is substantially dependant on the above mentioned
structures (CYP3A4, CYP2C9, CYP2C19, CYP2B6, MRP1, MRP2), it results in
significant decrease of their plasmatic concentrations. This can lead to failure of
pharmacotherapy.
On the contrary, if the drug is administered in the form of a prodrug, which
metabolises to its active form using the above mentioned enzymes, PXR
activators can increase the toxicity of these drugs by means of enzyme induction.
E.g. cyclophosphamide (alkylating cytostatics and immunosuppressive) and
iphosphamide (alkylating cytostatics) are metabolised using isoenzymes CYP3A4
and CYP2B6 in the body. Induction of these enzymes results in increased
metabolism of cyclophosphamide and iphosphamide to 4-hydroxylated derivatives
responsible for their therapeutic effect but also in increasing the plasmatic
concentrations of N-dechloroethylated metabolites that have a strong neurotoxic
effect (Huang et al., 2000; Wang and LeCluyse, 2003).
Drug interaction is defined as a change of effect of one drug caused by another,
concurrently administered drug. When a drug increases its own clearance, it is
called auto-induction. This happens in the case when the drug is an activating
PXR ligand and at the same time, it is a substrate of structures whose expression
is increased by PXR. E.g. phenytoin, using PXR, induces (among others)
isoenzyme CYP2C9, by which it extensively metabolises, thus decreasing its own
concentration in the plasma (Chetty et al., 1998). Similarly carbamazepine, as an
inductor and substrate of isoenzyme CYP3A4, accelerates its metabolism which
manifests through the decrease of its plasmatic concentration (Scheyer et al., 1994).
In pursuit of avoiding the risk of drug interactions, many working groups in drug
research and development deal with the possibility of achieving the decrease of
PXR activation by modification of structure of the drug that is being developed.
It shows that decreasing the interaction between the ligand and the DBD of
PXR can be reached by introducing polar groups into the ligand molecule, and by
removing, or steric hindrance, of the function group creating the hydrogen binding
with the LBD of PXR. These structural modifications in the molecule of the ligand
– potential drug – often result in changing its effect, toxicity and pharmacokinetics,
though (Sinz, 2013).
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Conclusion
PXR are intracellular proteins which, having been activated by their ligands,
regulate the expression of drug-metabolising enzymes and transporting proteins.
If the above mentioned ligand is a drug, it can result in drug-drug interactions
in the sense of increased elimination of the concurrently administered drugs,
alternatively even in increased elimination of the drug itself. Polymorphisms
of PXR appear to be one of the causes of interindividual variability in response to
drug administration. Our knowledge of this field is still limited. Further research
is needed to clarify the details of the above mentioned mechanisms and their
importance for drug-drug interactions manifestation.
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