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Summary

The Pregnane & Xenobiotic Receptor (PXR), a member of the nuclear receptor family of ligand-activated transcription
factors, is an integral component of the body’s defense mechanism against toxic xenobiotics and endobiotic
metabolites. Due to highly promiscuous nature and broad ligand specificity, this ‘xenosensor’ has emerged as a
master-regulator of xenobiotic metabolism and regulator of all phases of drug metabolism and clearance. It has also
been implicated to play an important role in induction of drug-drug interactions. During the past few years,
research has unveiled some novel and mostly unanticipated roles for PXR in inflammation, lipid homeostasis, bone
homeostasis, vitamin D metabolism, energy homeostasis, endocrine-related functions and cancer. Recent evidences
have revealed existence of PXR cross-talk with several other cellular signaling pathways that profoundly expand
the horizon of this promiscuous xenosensor. These cross-talks between PXR and other signaling pathways may
elucidate molecular mechanisms to explain the involvement of PXR in several hitherto unanticipated physiological
functions. The present article summarizes some of the important cross-talks of PXR with other nuclear receptors
and different signaling pathways to describe how these cross-talks integrate into novel biological functions. It is
anticipated that better understanding towards the mechanisms of PXR cross-talk might divulge novel therapeutic
approaches to combat various diseases.
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Introduction

The Pregnane & Xenobiotic Receptor (PXR; NR1I2,
also known as SXR) is a member of the nuclear receptor
superfamily of ligand-modulated transcription factors and
a key regulator of genes involved in xenobiotic and
endobiotic metabolism (Blumberg et al., 1998; Saradhi et
al., 2006). Initially, PXR was reported to be expressed
predominantly in the liver and intestine as a highly
promiscuous receptor with broad ligand specificity
(Blumberg et al., 1998). It is now reported to be activated
by a variety of structurally-distinct ligands that are known
to induce the expression of CYP450 genes central to drug
metabolism. These compounds include phenobarbital,
rifampicin, dexamethasone, nifedipine and several herbal
drugs (Blumberg et al., 1998; Saradhi et al., 2006; Negi et
al., 2008; Zhou et al., 2009). PXR is also known as the
master-regulator of the genes involved in drug metabolism
including CYP3A4 which in turn is involved in metabolism
of more than 50% of clinical drugs (Saradhi et al., 2006;
Zhou et al., 2009).

 Substantial reports also suggest that the ligand
specificity of PXR differs from species to species. For
example, human and rabbit PXR could be activated by
rifampicin unlike mice PXR. Additionally, PCN could

efficiently activate mice PXR, but not the rabbit and human
form (Xie and Evans 2001; Zhou et al., 2009). By acting
as a ligand-activated transcription factor, PXR regulates
all the critical steps of xenobiotic metabolism and transport
and is also responsible for important inductive drug-drug
interactions.  The human and mouse PXR genes comprise
9 exons and encode proteins of 434 and 431 residues,
respectively (Blumberg et al., 1998; Kliewer et al., 1998).
In addition to the liver and intestine, expression of PXR is
also reported in other tissues, including kidney, lung, testis,
bone, breast tissue- normal and neoplastic- and peripheral
blood mononuclear cells. Studies to determine the
subcellular localization of PXR have provided conflicting
results. Some reports suggest that human PXR in an
exclusively nuclear protein irrespective of ligand binding
(Koyano et al., 2004; Saradhi et al., 2005). However, there
are some reports showing that in unliganded condition mice
PXR remains in cytoplasm and upon activation by its
agonist it translocates to nucleus (Squires et al., 2004).
The discrepancies in these findings may be due to
differences in the type of PXR employed (human vs.
mouse) or in vivo vs. in vitro nature of the experiments.
Recently, localization of PXR is also shown on to the
mitotic chromatin which opens another area of research
(Saradhi et al., 2005). These results indicate that subcellular
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trafficking and mitotic chromatin docking may be an
important regulatory process for the function of PXR.

The ligand-activated PXR forms a complex with its
obligate heterodimeric partner Retinoid X Receptor α
(RXR α; NR2B1), then binds response elements in the
promoters and enhancers of target genes. These response
elements usually take the form of direct (DR3, DR4) or
averted (ER6) repeats of the consensus motif AG(G/
T)TC(A/C). Activated PXR also induces the recruitment
of coactivators such as SRC-1 and GRIP-1 and release
of corepressor molecules like NCoR-1 and SMRT leading
to the formation of active transcription complex and
triggering the activation of PXR target genes. PXR is
involved in all aspects of xenobiotic metabolism and
disposition by regulating the transcription of many
important drug metabolizing enzymes, including phase I
oxidative enzymes such as CYP1A, CYP2B  and CYP2C,
CYP3A families; phase II conjugating enzymes such as
carboxylesterases, alcohol dehydrogenase; glutathione-S-
transferase, UDP-glucuronosyltransferase and
sulfotransferase families; and phase III transporters such
as p-glycoprotein (MDR1), several multi-drug resistance
related proteins (MRPs), and organic anion transport
protein 2 (OATP2) (Kliewer et al., 2002; Saradhi et al.,
2006) (Fig. 1). Since, PXR plays pivotal role in all stages
of xenobiotic metabolism and transport, and is responsible
for induction of drug-drug interactions, this promiscuous
chemical sensor is considered as the ‘master-regulator’
of xenobiotic metabolism and transport.

Multifaceted PXR: more than a xenosensor

Although the role of PXR is clearly established as a
‘xenosensor’ in regulation of drug metabolism-related
genes, the subsequent functions in other tissues remain
ambiguous. Consistent with its role in regulating enzymes
and transporters involved in eliminating potentially harmful
substances, PXR is primarily expressed in liver and
intestine. However, recent observations suggest that PXR
is also expressed at lower level in lung, stomach, prostate,
uterus, ovary, placenta, breast, osteoclasts, heart, adrenal
gland, bone marrow and specific regions of the brain,
peripheral blood monocyte and the blood–brain barrier
(Lamba et al., 2004; Bauer  et al., 2004; Orans et al.,
2005; Saradhi et al., 2006; Zhou et al., 2009). Expression
in other tissues which are not primarily involved in drug
metabolism indicates that PXR might be playing some
distinct function in these tissues. Several emerging avenues
of research have revealed novel and mostly unanticipated
roles for PXR in inflammation, bone homeostasis, vitamin
D metabolism, energy homeostasis, endocrine disruption,

T lymphocyte function and cancer (Staudinger et al., 2001;
Stedman et al., 2005; Tabb and Blumberg, 2006; Saradhi
et al., 2006; Zhou et al, 2009; Dubrac et al., 2010) (Fig.
2). Some recent reports on PXR up-regulation in certain
malignancies (colon, breast, prostate, endometrial,
esophagus, ovarian cancer, etc.) suggest hitherto
unexplained role of PXR in these cancerous conditions
(Doltzlaw et al., 1999; Masuyama et al., 2003; Chen et
al., 2007; Gupta et al., 2008; Verma et al., 2009; Takeyama
et al., 2009). Studies aimed at determining the significance
of PXR expression in these malignancies are not clear
and have provided conflicting results. There are reports
that indicate PXR to be an inducer of cancer proliferation
or implicate it in imparting increased metabolism and
reduced clinical efficacy of some anticancer drugs. Other
reports also designate a protective role for PXR through
suppression of cancer proliferation, especially in
endocrine-related cancers (Dotzlaw et al., 1999;
Masuyama et al., 2003; Chen et al., 2007; Gupta et al.,
2008; Verma et al., 2009; Takeyama et al., 2009). These
results suggest that PXR has some important functions in
body that remain to be fully explored.

Transcriptional cross-talk : An alternative mode of
PXR action

Although the overall scheme of PXR-mediated gene
regulation appears to be relatively simple, a number of
evidences now suggest that PXR signaling also modulates
several other transcription factors including other member
of nuclear receptors. Similarly, these signaling molecules
also modulate PXR-mediated gene regulation. The
phenomenon of this cross-regulation by which PXR
transcriptional activity is modulated by other signaling
molecules is commonly known as ‘transcriptional cross-
talk’ (Gottlicher et al., 1998; Pascussi et al., 2004, 2008).
In other words, transcriptional cross-talk refers to a close
encounters between the two or more distinct pathways
where one signal affects the transcriptional output of
another. Depending upon specific function and status of
differentiation, cross-talks can integrate into two types of
responses, synergistic or inhibitory. There are mounting
evidences suggesting that a multitude of functionally
diverse signaling molecules cross-talk with PXR and
regulate each other’s transcriptional activity in a context-
dependent manner (Table 1). Evidences suggest that these
cross-talks can occur at various level of PXR signaling
involving different mechanisms:  First, at ligand-binding
level where a ligand molecule may bind and activate two
different nuclear receptors (i.e., PXR/CAR) (Xie et al.,
2000). In addition, some ligands which are agonists for a
given nuclear receptor may behave as antagonist for
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Transcription 

Factor 
 

 
Mechanism/s 

involved 

 
Physiological Effect(s) 

 
References 

 
CAR 

 
Shares ligands and 

activate  common set 
of genes 

 
 

Promotes xenobiotic metabolism 

 
 

Xie et al., 2000 
 

 
FXR 

 
Shares ligands and 

activate overlapping 
set of genes 

 
 

Promotes bile acid metabolism 

 
 

Gnerre et al., 2004 
 

 
VDR 

 
PXR enhances 

expression of VDR 
target gene, CYP24 

 
Enhances the metabolism of                 

1, 25(OH)2D3, leading to drug-
induced osteomalacia 

 
Pascussi et al., 2005 

 

 
TR 

 
Shares response 

elements 

 
Enhances metabolism of thyroid 

hormone, decreased hormone level 

 
Pascussi et al., 2008 

 
HNF4α 

 
PXR inhibits HNF4α 

transcriptional activity 

 
Regulates gluconeogenesis and fatty 

acid homeostasis 
 

 
Miao et al., 2006 

 

 
AR 

 
PXR represses AR 

transcriptional activity 

 
Enhances repressive actions of 

antiandrogens 

 
Kumar et al., unpublished 

observations 
 

 
SHP 

 
SHP inhibits PXR 

transcriptional activity 

 
Controls bile acids homeostasis 

 

 
Ourlin et al., 2003 

 

 
NFκB 

 
PXR represses NFκB 

activity 
 

 
Controls inflammation 

 
Zhou et al., 2006 
Gu et al., 2006 

 

 
FOXO1 

 
FOXO1 induces PXR 

transcriptional activity 

 
Controls gluconeogenesis 

 
Kodama et al., 2004 

 

 
FOXA2 

 
PXR represses  

FOXA2 activity 

 
Decreased fatty acid metabolism in 

fasting liver 

 
Nakamura et al., 2007 

 
 

 CAR- constitutive androstane receptor; FXR- fernesoid X receptor; VDR- vitamin D receptor; TR- thyroid receptor; HNF4α-
hepatocyte nuclear factorα; AR- androgen receptor; SHP-small heterodimeric protein; NFκB- nuclear factor κB; FOX- forkhead

box genes.

another receptor PXR (i.e., PXR/AR) (Kumar, 2010).
Second, at DNA binding level, where two different
nuclear receptors may share the same response element
(i.e., PXR/VDR) (Pascussi et al., 2005). Third, at receptor
level, where PXR may interact with other transcription
factors/signaling molecules in such a way that one of them
behaves as a coactivator or a corepressor of the other
(i.e., PXR/NFκB, PXR/FOXO1 and PXR/AR) (Zhou et
al., 2006; Nakamura et al., 2007; Kumar, 2010). These

evidences of PXR cross-talks with other signaling
pathways suggest that the expression of a specific set of
target genes expected to be regulated by PXR are in fact
dependent on a complex network of regulatory pathways.
Furthermore, PXR cross-talk with other signaling
pathways also illustrates how this xenosensor may
modulate diverse physiological functions in normal and
pathological states.

Table 1- Cross-talk between PXR and other cellular signaling pathways
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Fig. 2: Emerging roles of PXR: In addition to its established role in inducing xenobiotic metabolism and triggering drug-drug
interaction, PXR has potential roles in various other biological functions including the regulation of lipid homeostasis, bone
homeostasis, inflammation, endocrine disruption, T lymphocyte function and cancer.

Fig. 1: Molecular mechanism of PXR action: PXR is activated upon binding to a large number of xenobiotics (e.g., clinical drugs)
as well as many endobiotics (e.g., bile acids, steroids). Ligand-activated PXR binds to the regulatory region of its target genes as
a heterodimer with RXR. Activated PXR also enhances co-activators recruitment (e.g. SRC-1, GRIP-1) and, finally, activates the
transcription of target genes. The major target genes of PXR include enzymes involved in drug metabolism (i.e., Phase I enzymes,
Phase II enzymes and Phase III transporters). These genes trigger not only the elimination of the given PXR activators (e.g.,
xenobitics and endobiotics) but may also induce drug-drug interactions.
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PXR cross-talk with other nuclear receptors

Mounting evidences suggest that, in addition to directly
regulating expression of its own target genes, PXR can
cross-talk with other nuclear receptors to exert more
complex effects on gene regulation. First example of such
a cross-talk is with an important xenobiotic receptor,
constitutive androstane receptor (CAR), a key regulator
of many genes involved in drug metabolism including
CYP2B2 and CYP2B10.  Like PXR, it also plays a broad
role in xenobiotic metabolism (Xie and Evans, 2001).
Interestingly, PXR and CAR share a variety of ligands
and activate an overlapping set of genes. For example,
phenobarbital, a potent ligand of CAR, can also bind to
and activate PXR. Furthermore, CAR can regulate
CYP3A genes through PXR response elements, and PXR
can regulate CYP2B genes by binding to phenobarbital
response element, PBRE (Xie et al., 2000). Consequently,
PXR/CAR cross-talk integrates into a complex regulation
of xenobiotic detoxification pathways. Another important
example of PXR cross-talk is with fernesoid X receptor
(FXR), which is an important regulator of bile acid
homeostasis (Forman et al., 1995; Wang et al., 1999). PXR
and FXR not only share ligands (i.e., bile acids, GW4064)
but they also regulate some common target genes. FXR
has been shown to activate PXR target gene CYP3A,
and similarly PXR also cross-activates some FXR target
genes such as SULT2A1 and MRP2 (Gnerre et al., 2004).
Furthermore, FXR ligand GW4064 also induces the mRNA
level of PXR (Jung et al., 2006). The cross-talk between
PXR and FXR provides a mechanism towards efficient
protection of the liver against bile acid-induced toxicity.
In addition, bile acid-activated FXR is also an important
regulator of another orphan nuclear receptor, small
heterodimeric partner (SHP). SHP has been shown to
directly interact with PXR and repress PXR transcriptional
activity (Ourlin et al., 2003). Furthermore, PXR also
regulates the expression of SHP (Frank et al., 2005).
Another level of regulation of bile acid homeostasis is
documented by cross-talk between PXR and HNF4α. It
has been demonstrated that activated PXR directly
interacts with HNF4α that subsequently leads to inhibition
of CYP7A1 gene transcription (Bhalla et al., 2004). Since
HNF4α is involved in regulation of genes involved in
gluconeogenesis and fatty acid homeostasis, PXR/HNF4α
cross-talk may play a key role in the regulation of these
biological phenomena. Collectively, these data suggest that
PXR/FXR, PXR/SHP and PXR/HNF4α cross-talks play
an important role in regulation of bile acid homeostasis.

Vitamin D receptor (VDR) mediates the effect of
1α, 25-dihydroxyvitamin D3 which is responsible for a

number of biological functions, most notably bone
mineralization (Kato, 2000). Recently, one study revealed
the cross-talk between PXR and VDR and demonstrated
that VDR is able to bind and transactivate the PXR
responsive elements of CYP3A4, and similarly PXR
activates VDR target gene CYP24 (Pascussi et al., 2005).
Up-regulation of CYP24 leads to increased metabolism
vitamin D and impairs bioavailability of vitamin D and bone
mineralization, leading to drug-induced osteomalacia and
osteoporosis (Pascussi et al., 2005).

In an attempt to study the role of PXR in regulation
of endocrine functions, we studied the effect of PXR on
androgen receptor (AR)-mediated function. We have
shown that antiandrogens exert inverse response to AR
and PXR transcriptional activity (Kumar et al., unpublished
observation).  We have demonstrated that antiandrogens
and endocrine disruptors, which are potent antagonists of
AR transcriptional activity, also behave as agonists of PXR
activity and vice versa. Furthermore, we have also shown
that PXR directly interacts with AR and inhibit AR
transcriptional activity and revealed that PXR is a key
determinant in antiandrogen-mediated repression of AR
activity.  Since AR plays a key role in prostate cancer
development, these observations of PXR/AR cross-talk
suggest a novel role of PXR in this malignancy. PXR/AR
cross-talk also revealed an unexplored functional
relationship between xenobiotic regulation and endocrine-
related functions (Kumar et al., unpublished observations).

Cross-talk between PXR and several other nuclear
receptors, including liver X receptor (LXR), estrogen
receptor α (ERα), thyroid receptor (TR), glucocorticoid
receptor (GR) and PPARγ, has been described (Pacussi
et al., 2004, 2008; Zhou et al., 2009). Collectively, it
appears that cross-talks between PXR and other members
of nuclear receptor family integrate into a complex
regulation of PXR-mediated gene regulation and play a
key role in various biological functions such as xenobiotic
metabolism, lipid homeostasis and endocrine-related
functions.

Networking of PXR with other signaling
pathways

In addition to cross-talk with other nuclear receptor,
PXR has been also reported to have interplay with several
other signaling pathways and transcription factors such
as NFκB, FoxO1 and FoxA2. Transcription factor NFκB
is a key regulator of inflammation and oncogenesis (Karin
and Greten, 2005). Several recent reports demonstrate
an inhibitory cross-talk between PXR and NFκB (Zhou
et al., 2006; Gu et al., 2006). PXR has been shown to be
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negative regulator of NFκB-mediated signaling leading to
the repression of inflammation-related genes. Similarly,
NFκB also inhibits PXR target gene CYP3A4 (Zhou et
al., 2006). Furthermore, physical interaction between PXR
and NFκB has also been demonstrated (Gu et al., 2006).
PXR/NFκB cross-talk also suggests the possible
mechanism of immunosuppressive functions of many drugs
(such as rifampicin), implying existence of a potential
molecular mechanism that links xenobiotic metabolism and
inflammation (Zhou et al., 2006).

FoxO1 and FoxA2 are members of the ‘forkhead’
family of transcription factors that play vital roles in lipid
metabolism and gluconeogenesis in the liver. FoxO1
activates genes involved in gluconeogenesis that notably
include phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6P). Insulin negatively
regulates FoxO1 and inhibits gluconeogenesis (Montminy
and Koo, 2004).  Recently, it has been reported that FoxO1
interacts with PXR and CAR and enhances their
transcriptional activity. Interestingly, in the reciprocal cross-
talk both PXR and CAR repress FoxO1 transcriptional
activity by preventing its binding to its responsive element
in its target gene such as PEPCK (Kodama et al., 2004).
These results indicate that drug metabolism and
gluconeogenesis are reciprocally regulated in response to
insulin and/or xenobiotics. FoxA2 regulates the genes
involved in ketogenesis and β-oxidation during fasting or
after prolonged exercise (Wolfrum et al., 2004). Recently,
it is reported that PXR can cross-talk with FoxA2 to
mediate drug-induced repression of lipid metabolism in
fasting mouse liver (Nakamura et al., 2007). These
evidences of cross-talk between PXR and forkhead family
of transcription factors reveal functional links between
insulin and xenobiotic-mediated pathways with a key role
in regulation of energy homeostasis.

In addition to above-mentioned cross-talks, PXR has
been implicated in up-regulation of expression level of p53
and its target gene via iNOS pathway in breast cancer
cells (Verma et al., 2009). Furthermore, cross-talk
between some growth factor signaling pathways and PXR
signaling has also been reported. For example, protein
kinase C activators negatively regulate PXR transcriptional

activation while protein kinase A activators induce PXR
activity (Ding and Staudinger, 2004, 2005). In a similar
study, IL-6 signaling is reported to negatively regulate PXR
expression level (Pascussi et al., 2000). Taken together,
these reports suggest a complex and precise regulation
of PXR signaling via cross-talk with other signaling
pathways. These cross-talks integrate into a complex
regulation of many biological functions such as drug
metabolism, lipid homeostasis, inflammation, energy
homeostasis and cancer.

Concluding remarks
PXR plays a key role in regulating the metabolism

and clearance of a large variety of endobiotic, dietary and
xenobiotic chemicals. The expression of PXR in many
other tissues, besides liver and intestine, suggests that it
may have additional functions in the body which contribute
to disease outcome in diverse clinical situations. Recent
discoveries have unveiled some novel and mostly
unanticipated roles of PXR in inflammation, lipid
homeostasis, bone homeostasis, vitamin D metabolism,
energy homeostasis, T lymphocyte functions, endocrine-
related functions and cancer. Recent examples of
transcriptional cross-talk of PXR with other signaling
pathways have profoundly expanded the horizon of this
promiscuous xenosensor. In view of the fact that multitude
of biological partners functionally interact with PXR,
xenobiotic signaling appears to be dependent on a very
complex network of regulatory pathways.  These
molecular cross-talks may divulge multiple molecular
mechanisms to explain involvement of PXR in many
hitherto unknown physiological functions. Ultimately, an
improved understanding of PXR cross-talks is expected
to provide new avenues of pharmacological opportunities
in many pathological conditions, most notably in areas of
metabolic disorders and cancer.
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