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Abstract
In addition to its classical role in mineral homeostasis, the vitamin D receptor has been implicated
in diverse physiologic and pathophysiologic processes including immunoregulation and cancer.
Interestingly, the vitamin D receptor has been evolutionarily and functionally linked to a select
group of nuclear receptors based on a common organism-wide tissue expression profile. These
members of the nuclear receptor superfamily, which include the bile acid receptor, xenobiotic
receptors, and several orphan nuclear receptors, comprise a transcriptional regulatory network that
functions in nutrient uptake, xenobiotic metabolism, and mucosal protection. The major
homeostatic functions of the enteric nuclear receptor network are the topic of this review.
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INTRODUCTION
As the body’s eye to the nutrient world, the gut plays a vital role in both nutrient absorption
and the elimination of unwanted dietary components. It is also the first line of defense
against the world of bacteria that lives within the intestine. The gastrointestinal tissues
express a distinct group of nuclear receptors that include the vitamin D receptor (VDR), bile
acid receptor (FXR), and the xenobiotic receptors (PXR and CAR). By acting as sensors of
absorbed lipids, this group of transcription factors allows the enterocyte to activate
appropriate transcriptional programs in response to nutrients, toxic dietary components, and
microbial metabolites.

We begin this review with pertinent background on the nuclear receptor superfamily and the
basis for the classification of an enteric nuclear receptor network. We then explore the role
of VDR and its relatives as components of the nuclear receptor network that coordinates
nutrient uptake, elimination of toxic dietary components, and protection against bacterial
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invasion. We conclude with recent discoveries highlighting the ever-expanding role of this
group of nuclear receptors and speculations regarding additional roles of these receptors in
gastrointestinal physiology and disease.

THE NUCLEAR RECEPTOR SUPERFAMILY
The nuclear receptor superfamily comprises 48 ligand-activated transcription factors that
have been grouped on the basis of shared structural features.1 A DNA binding domain
(DBD) allows nuclear receptors to bind conserved elements in the regulatory regions of
specific groups of genes, while the adjacent ligand binding domain (LBD) functions to
activate or inactivate transcription when bound by a small diffusible molecule referred to as
its ligand. This unique property has rendered nuclear receptors particularly useful as
intracellular sensors for endocrine hormones and dietary lipids. Nuclear receptors typically
bind DNA either as homodimers or heterodimers, although some also bind as monomers.
The retinoid X receptors (RXRs) are obligate heterodimer partners, meaning that all nuclear
receptor heterodimers must include one of the RXRs.

The nuclear receptor superfamily can be subdivided into four groups based on the type of
ligand bound and the DNA binding mechanism.2 The first of these are the endocrine
receptors that bind DNA as homodimers. These include the estrogen, androgen,
progesterone, glucocorticoid, and mineralocorticoid receptors, which all bind with
nanomolar affinity to systemically circulating steroid hormones synthesized by endocrine
tissues. The transcriptional programs activated by these receptors provide negative feedback
to the endocrine system to turn off ligand synthesis. The second group of receptors form
heterodimers with RXR and are activated by a wide range of dietary lipids including fatty
acids (bind PPARs), bile acids (bind FXR), xenobiotics (bind PXR, CAR), and a variety of
cholesterol metabolites referred to as oxysterols (bind LXRs). Such ligands exist at
relatively high concentrations, particularly within enterohepatic tissues and portal
circulation, where they bind their cognate receptors with micromolar affinity. In contrast to
the endocrine receptors, the metabolic receptors activate transcriptional programs to turn on
catabolic pathways for dietary lipids. The third group comprises retinoic acid (vitamin A),
1,25-dihydroxyvitamin D3, and thyroid hormone receptors. These also function as RXR
heterodimers, yet their ligands are synthesized in the body from precursors that are derived
from the diet; or in the case of vitamin D, sunlight. Like other endocrine receptors, this
group binds these ligands with high affinity. It is now known that the vitamin D receptor
(VDR) also binds bile acids and this satisfies the criteria of both the second and third groups.
3,4 The final group includes receptors with no known ligands, which are referred to as
orphan nuclear receptors.

An additional layer of complexity is afforded to receptors that function as RXR
heterodimers. RXR itself is activated by the endogenous vitamin A derivative, 9-cis retinoic
acid. In theory, therefore, heterodimers can be activated by two ligands, that of RXR and
that of its partner. In reality, RXR heterodimers exhibit three modes of activation:
permissive, conditional, and non-permissive. 5 Permissive heterodimers can be activated by
either receptor’s ligand and are exemplified by the dietary lipid-sensing receptors (e.g.,
LXRs), while conditional heterodimers can only be activated by RXR agonist when the
partner ligand is also present (e.g., retinoic acid receptors). Non-permissive heterodimers are
endocrine receptors in which the RXR agonist has no effect on the activity of the
heterodimer (e.g., thyroid hormone receptor). RXR/VDR heterodimers can function as both
non-permissive and permissive types, since the VDR can bind both an endocrine hormone
and bile acid.
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THE ENTERIC NUCLEAR RECEPTOR CLADE
Sequence-based clustering of the nuclear receptor superfamily has provided valuable
information regarding the evolutionary relatedness of receptors and has led to a better
understanding of the function of individual receptors. One way to provide more information
regarding this large family of transcription factors is to use anatomically based expression
profiling to cluster the nuclear receptor superfamily on the basis of shared expression
patterns. The discovery of bile acids as the endogenous ligands for FXR is a prime example
of how expression analysis was used to characterize receptor function. The tell-tale
expression pattern of FXR in tissues involved in bile acid synthesis and circulation was part
of the rationale to pursue the bile acid receptor hypothesis.3 The advantages of
understanding the global expression pattern of all nuclear receptors are that 1) new targets or
functions can be identified on the basis of common expression; 2) predictions can be made
regarding coordinated transcriptional programs within a given tissue involving multiple
receptors with known functions; 3) physiologic processes regulated by distinct receptors can
be linked; 4) information can be gathered regarding the coordination of physiological
processes involving multiple organs and levels of regulation; and finally 5) predictions can
be made regarding the systems that regulate the expression of nuclear receptors themselves.

A recent study used quantitative real-time PCR to determine the relative expression level of
the entire nuclear receptor superfamily in 39 distinct tissues.6 A systems biology approach
was taken to cluster the nuclear receptors based on the similarity of these expression
profiles. Broadly, the superfamily divides into two major divisions: one whose members
regulate reproduction, development, and growth; the other whose members regulate nutrient
uptake, metabolism, and excretion. VDR falls into a clade of nuclear receptors that function
largely in bile acid and xenobiotic metabolism. The members of this group are all expressed
in the gastrointestinal tract (Figure 1) and, like VDR, most are involved in nutrient uptake
and/or the elimination of toxic dietary components. Within this group VDR, FXR, PXR, and
CAR all function as RXR heterodimers and are activated by dietary lipids. Although the
other members of this group, LRH-1, HNF4α, HNF4γ, SHP, and RORγ are not ligand
activated, some of them are known to mediate or moderate the activity of the ligand
activated receptors. In order to emphasize the common role they play in intestinal
physiology, the following sections will focus mainly on the functions of the four ligand-
activated members of the enteric nuclear receptor clade: the vitamin D receptor (VDR), the
bile acid receptor (FXR), and the xenobiotic receptors (PXR and CAR).

ABSORBING THE GOOD
Prolonged vitamin D deficiency causes rickets in children and osteomalacia in adults. In
1988, Hughes et al. discovered that mutations in the DNA binding domain of the vitamin D
receptor were the cause of an autosomal recessive disease now known as hereditary vitamin
D-resistant rickets (HVDRR). This was the first report of a mutation in a nuclear receptor
gene in human disease.7 HVDRR is characterized by resistance of target organs to the action
of vitamin D. Patients typically present during infancy with bone pain, hypotonia, and
generalized muscle weak-ness. Severe cases are marked by seizures or convulsions.
Laboratory abnormalities include hypocalcemia, hypophosphatemia, hyperparathyroidism,
and elevated serum 1,25-dihydroxyvitamin D3.8 The primary defect stems from the inability
to absorb sufficient calcium from the diet. While VDR functions in the kidney and bone to
regulate mineral homeostasis, probably the most important site of VDR action is in the
intestine. Here, the transcriptional regulation of ion channels and transport proteins by VDR
is essential for the uptake of calcium. This is exemplified by the VDR knock-out mouse,
which at the time of weaning develops hypocalcemia, secondary hyperparathyroidism, and
subsequently osteomalacia.9 Interestingly, the rachitic bone phenotype can be prevented,
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provided serum calcium and phosphate levels are normalized with a high calcium/
phosphorus and high lactose diet.10 This suggests that insufficient calcium absorption is the
primary cause of decreased bone mineralization resulting from the loss of VDR activity.

In the intestine, VDR directly regulates calcium transport and binding proteins. Calcium
transport can potentially be regulated at three distinct steps at the level of the enterocyte;
namely, influx across the apical membrane, intracellular transport/trafficking, and
basolateral efflux.11 The major ion channels responsible for transcellular calcium transport
are the apical transporters ECaC1 (TRPV5) and ECaC2 (TRPV6), and the basolateral ATP-
dependent transporter PMCA1 (ATP2B1).11 ECaC1 and ECaC2 are regulated by VDR both
in the intestine and kidney.12,13 In mice, ECaC2 is the predominant calcium transporter in
the intestine and is also regulated by vitamin D.14 Although there is a report of PMCA
transcriptional regulation by 1,25-dihydroxyvitamin D3,15 evidence is still lacking for a
direct regulation of PMCA1 by VDR. The calbindins belong to a family of high-affinity
cytosolic calcium binding proteins. They are thought to facilitate calcium transport from the
apical to the basolateral membrane and to act as a buffer for intracellular calcium, which
may otherwise be toxic to the cell.16 Calbindin D9K is the predominant vitamin D-
responsive calcium protein in the intestine. Both its basal expression and induction by
vitamin D is dependent on VDR.9

While calcium is largely absorbed in the proximal intestine, bile acids are taken up by the
distal small intestine. Here, the reabsorption of bile acids synthesized and secreted by the
liver is a highly efficient process that is regulated by FXR. As has been proposed for
intestinal calcium absorption, the regulation of bile acid transport by the enterocyte may
occur at three levels. Transport of conjugated bile acids across the brush border membrane is
facilitated by the ileal bile acid transporter, IBAT (SLC10A2), also known as the apical
sodium-dependent bile acid transporter or ASBT. At the basolateral membrane, bile acid
efflux occurs via the heterodimeric organic solute transporter OSTalpha/beta.17 Finally, the
ileal bile acid binding protein (I-BABP, also known as Fabp6) binds to bile acids in the
cytosol.18While its function is not entirely known, it may facilitate intracellular bile acid
transport and, by binding bile acids, reduce their cytotoxic effects in a manner analogous to
the calbindins with calcium. Each of these proteins is regulated at the transcriptional level by
FXR.19,20 Thus, there are striking similarities in the function of VDR and FXR target genes
in the intestine, although differences exist in how these nuclear receptors regulate nutrient
absorption.

NEUTRALIZING THE BAD
While only a subset of the enteric nuclear receptors regulate nutrient absorption, they all
play a role in eliminating toxic substances, drugs, or xenobiotics absorbed by the gut. Living
up to their designation as xenobiotic sensors, PXR and CAR are the principle modulators of
detoxifying pathways involving phase I and II enzymes and phase III transporters. While the
liver is the major site of bile acid and xenobiotic metabolism, it is now recognized that the
intestine expresses many of the same enzymes and contributes to the metabolism of drugs/
xenobiotics entering the body by the oral route. Major insight into the metabolism of bile
acids in the intestine came with the discovery that VDR is a receptor for the toxic bile acid,
lithocholic acid (LCA).3 Since VDR can activate bile acid metabolizing enzymes, this
discovery provided a mechanism for the direct detoxification of bile acids within the gut.
The following paragraphs describe the major target genes regulated by multiple nuclear
receptors in the intestine. A more complete description of PXR/CAR target genes involved
in drug metabolism can be found in a number of plenary reviews on the topic.21–23

Schmidt and Mangelsdorf Page 4

Nutr Rev. Author manuscript; available in PMC 2009 September 10.

H
H

M
I Author M

anuscript
H

H
M

I Author M
anuscript

H
H

M
I Author M

anuscript



Numerous studies have focused on the transcriptional targets and drug metabolizing roles of
nuclear receptors such as PXR, CAR, and FXR, particularly with respect to drug interactions
and first-pass metabolism; however, this system was not designed with our current
pharmacopeia in mind, rather it likely evolved to protect the body from ingested toxins,
toxins produced by pathogenic bacteria, or even endogenous compounds converted to toxins
by commensal bacteria. In the first phase of drug/xenobiotic metabolism, a substrate is
typically modified through the addition of a hydroxyl group by a cytochrome P450 (CYP).
The reactions carried out by this family of monooxygenases include oxidation, reduction,
and hydrolysis. In phase II, the chemically activated moiety is further modified by
conjugating enzymes that add a larger, more hydrophilic group such as glucuronic acid,
glutathione, sulfate, glycine, taurine, or acetate. Phase III involves transporting the modified
and typically more water-soluble compound out of the cell. All components of this system
are under transcriptional regulation by the four ligand-activated members of the enteric
nuclear receptor clade: CAR, PXR, FXR, and VDR (Figure 2). Together, these four nuclear
receptors function as the sensors of the intestinal detoxifying system and thus have the
important role of activating the effectors (metabolizing enzymes and transporters) upon
increased or chronic exposure of the enterocyte to dietary toxins. Two additional members
of the enteric group, the orphan receptors HNF4α and LRH-1, have sometimes been referred
to as competence factors since they potentiate the activity of the ligand-activated receptors at
certain promoters such as CYP7A1 and CYP3A4.24,25

The two most abundantly expressed phase I (oxidation) enzymes in the intestine are
CYP3A4 and CYP2B6 (the murine homologs are Cyp3a11 and Cyp2b10, respectively). The
former is a prototypical PXR target gene while the latter is a prototypical CAR target gene.
However, both genes can be activated by these two receptors.26–29 CYP3A4 is also
activated by VDR and possibly even FXR.3,30 The significance of CYP3A4 regulation by
VDR in the colon is discussed in a subsequent section.

Phase II (conjugating) enzymes regulated by nuclear receptors in the intestine include
sulfotransferases (SULTs) and glutathione S-transferases (GSTs). SULT2A1 is a known
PXR target gene in the liver, where it functions in the inactivation of steroids such as
dehydroepiandrosterone and the excretion of bile acids such as lithocholate. Recent reports
have identified SULT2A1 also as a VDR and an FXR target gene in the intestine. 31,32
Since VDR and FXR are activated by toxic secondary bile acids and sulfonation of bile
acids is exclusively carried out by SULT2A1, this system provides a rapid mechanism to
detoxify bile acids and protect the intestine even before the passively absorbed secondary
bile acids reach the liver. A number of GSTs are upregulated by PXR and CAR ligands in
the intestine. 28 In general, this class of enzymes that catalyze the conjugation of glutathione
to various chemical substrates, including xenobiotic substrates and carcinogens, are thought
to reduce oxidative stress and protect from cancer.33

The enterocyte expresses many members of the two major classes of membrane transporters,
the ATP binding cassette (ABC) transporters and the solute carrier (SLC) transporters.
Members of the ABC transporter superfamily use energy in the form of ATP to actively
transport a wide range of substrates across plasma membranes. They include the multidrug
resistance transporters (MDRs) and multidrug resistance-associated proteins (MRPs).
Transporters of the SLC superfamily, on the other hand, use electrochemical gradients to
move substrates by coupled or passive transport. SLCs include transporters of polar
substrates such as glucose (GLUTs) and amino acids; organic cation and anion transporters
(OCTs, OATs, and OATPs); ion channels (Na+, K+, Cl−, Ca++); and many more. MDR1
(ABCB1, also known as P-glycoprotein) is an efflux pump for hydrophobic compounds, and
MRP2 (ABCC2) transports organic anions such as sulfated or glucuronidated products of
phase II enzymes. Both transporters are regulated by PXR, while MRP2 is also regulated by
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CAR.27,28 Since these pumps are located in the apical membrane of the enterocyte, they
directly return toxic compounds to the gut lumen.34 MRP3 (ABCC3), on the other hand, is a
basolateral transporter of a wide variety of organic anions including bile acids. MRP3 is
regulated by PXR and CAR in the liver and, specifically, by VDR in the colon.28,35
Another basolateral organic anion transporter, OATP2 (SLCO1A4), has recently been
shown to be upregulated by PXR in the intestine of humanized PXR mice.27

As a final point, not only do PXR, CAR, FXR, and VDR regulate many of the same targets,
there is also overlap in the chemical ligands by which they are activated. Notably, molecules
of the steroid class, such as bile acids, activate all four receptors, albeit with different
potencies. This redundancy in the action of the enteric nuclear receptor clade reflects the
important evolutionary conservation of this subfamily of receptors and speaks to the
importance of a functional detoxification system in the gut.

PROTECTING FROM THE UGLY
The enteric tract is host to a large microbial community. The complex commensal and
symbiotic relationship has extensively shaped the evolution of both man and microorganism.
In addition to the mucosal barrier formed by tight junctions between epithelial cells; mucus,
gastric acid, pancreatic secretions, biliary secretions, antimicrobial peptides, and secretory
IgA represent the major mucosal defenses. On the other hand, bacteria that colonize the
enteric niche have evolved unique protective mechanisms such as modified surface
molecules and a microbiome capable of modifying antimicrobial chemicals secreted by the
host. The regulation of host immune defenses in the intestine is still poorly understood and
the effect of host gene expression on the composition of gut microbiota is just beginning to
be explored.36

It has long been known that bile acids are toxic to bacteria. The microbicidal activity of
these host-synthesized steroids has been attributed to their intrinsic detergent properties. In
the pathologic condition of cholestasis, the luminal concentration of bile acids is
significantly decreased and bacterial overgrowth ensues. Recent work has shown that the
antimicrobial activity of bile acids could be mediated, in part, by their activation of FXR in
the intestine.37 This discovery was made from a genome-wide survey of FXR targets in the
intestine that yielded a group of genes involved in innate mucosal immunity. Upon induction
of cholestasis in mice by bile duct ligation, bacterial overgrowth, mucosal translocation, and
lymph node invasion occurred. Amazingly, bacterial overgrowth and mucosal invasion was
completely prevented by the administration of a synthetic FXR agonist. Furthermore, many
of the FXR target genes involved in mucosal immunity originally identified by microarray
analysis were upregulated in agonist-treated mice. Importantly, the synthetic agonist had no
effect on bacterial growth or target gene expression in FXR-null mice that had undergone
the same procedure. This study clearly demonstrated that activation of FXR is sufficient to
prevent bacterial overgrowth in the gut caused by cholestasis, and it identifies bile acids as a
double-edged sword in the armamentarium of intestinal defenses. To what extent FXR plays
a role in normal mucosal immunity and whether the importance of the signaling function of
bile acids exceeds that of their direct detergent properties in protecting from bacterial
overgrowth remains to be determined.

VDR is expressed in cells of the adaptive immune system and vitamin D has been shown to
prevent or reduce autoimmune disease in various experimental models.38 Vitamin D
inhibits the activation of T cells, and promotes tolerance in dendritic cells.39,40 VDR has
also been implicated in toll-like-receptor (TLR) signaling and regulation of the innate
immune response in macrophages. 41 In the latter instance, themechanism was shown to
involve induction of the cathelicidin gene, which encodes an antimicrobial peptide with
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potent antimycobacterial activity. Antimicrobial peptides are not only made by circulating
cells of the innate immune system, they are also synthesized by epithelial cells including the
intestinal epithelium.42 Interestingly, the product of the cathelicidin gene LL-37, is also
made by cells of the colonic epithelium. In a study in rabbits, induction of LL-37 in the
colon by butyrate promoted the elimination of shigella and improved the outcome of
disease.43 Whether VDR induces antimicrobial peptides or other antimicrobial factors in the
intestine has not yet been determined.

Collectively referred to as inflammatory bowel disease (IBD), ulcerative colitis and Crohns’
disease are chronic inflammatory disorders of the intestine. While the etiology is unclear, the
pathogenesis of IBD is thought to involve abnormal immune responses to intestinal
microbes. A number of studies in animals and humans have indicated that loss of VDR or
PXR can contribute to the pathogenesis of IBD.44–47

In a landmark study, Ley et al.48 used comparative metagenomic analysis to identify
quantitative differences in the gut microbiota of mice deficient for the leptin gene.
Subsequently, it was shown that colonization of gnotobiotic mice with the microbiota of
obese mice was sufficient to increase the body fat mass of the recipient, strongly suggesting
that the gut microbiome can be a significant factor in the pathogenesis of obesity.
Importantly, these studies demonstrate that the host genome can shape the gut microbiota,
which in turn affects host physiology and disease. As intestinal sensors of bacterial
metabolites and regulators of transcriptional programs, the enteric nuclear receptors may
play a role in shaping the intestinal ecosystem. Applying comparative metagenomic and
metaproteomic analysis to targeted genetic models of the enteric nuclear receptors may help
elucidate new roles for these already busy sentinels of the gut.

REGULATING PROLIFERATION, DIFFERENTIATION, AND CANCER
The fact that nuclear receptor expression and activity is often altered in cancer has prompted
an interest in defining the role of nuclear receptors in cancer progression. In addition, the
amenability of nuclear receptors to pharmacological modulation makes them prime
candidates for molecularly targeted therapies. In some cases, nuclear receptor agonists and
antagonists are already part of the standard chemotherapeutic regimen. Examples include
all-trans-retinoic-acid for the treatment of acute promyelocytic leukemia; anti-androgens and
anti-estrogens for the treatment of hormone-responsive prostate and breast cancers; and
glucocorticoids for acute lymphoblastic leukemia (ALL).While some of the classic
endocrine nuclear hormone receptors have direct effects on differentiation and proliferation,
the situation is not as clear for the enteric nuclear receptors. On the one hand, the bile acid
and xenobiotic metabolizing nuclear receptors could directly affect the transcription of cell
cycle regulators; alternatively, their effects may be indirect and a consequence of their
ability to eliminate potentially genotoxic or tumor-promoting agents. In the case of VDR
there is evidence to suggest that both mechanisms play a role in protection from colon
cancer.49,50

The expression of VDR is most abundant in the large intestine, even though this organ does
not contribute to the classical functions of VDR, such as vitamin D metabolism and mineral
homeostasis. Mice lacking VDR have enhanced rates of proliferation and increased
oxidative stress in the distal large intestine.51 In addition, there is a large body of
epidemiological data indicating an inverse relationship between serum vitamin D levels and
the occurrence of colon cancer.49 Vitamin D decreases proliferation and increases
differentiation in human colon cancer cells, and a variety of mechanisms have been
proposed to explain this activity, including the downregulation of cyclins and the
upregulation of cell cycle inhibitors such as p21 and p27.52 While vitamin D is thought to
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reduce the risk of colon cancer, secondary bile acids such as deoxycholic acid (DCA) and
lithocholic acid (LCA) are believed to increase the risk of developing colon cancer. Bile
acids have been shown to function as tumor promoters in rodent models of colon cancer.53
Diets with a high content of animal fat are believed to increase risk by elevating the levels of
fecal bile acids. A unifying hypothesis to explain the effect of VDR and bile acids on tumor
promotion was proposed when it was discovered that VDR is activated by the toxic
secondary bile acid, LCA.3 This hypothesis is based on a model of LCA detoxification by
the VDR target genes CYP3A11 and SULT2A1 in the colon. The CYP3A11 enzyme
catalyzes the hydroxylation of LCA, while SULT2A1 sulfates LCA, both of which promote
LCA elimination in the feces.31,54,55 On a normal diet, LCA levels are low and
systemically circulating vitamin D can prime the system to ensure a basal level of catabolic
activity. On a high-fat diet and/or in a vitamin D-deficient state, the rate of LCA metabolism
is inadequate, such that it builds up to toxic levels that can damage the colonic epithelium
and cause cancer.50 It will be interesting to see whether other members of the enteric
nuclear receptor group affect the progression to colorectal cancer. Like VDR, they could
have direct effects on proliferation/differentiation or indirect effects, such as the
detoxification of carcinogens or reduction of oxidative stress.

THE ENTERIC NUCLEAR RECEPTOR CLADE OUTSIDE THE
GASTROINTESTINAL TRACT

While we have focused on targets directly regulated in the intestine by prominent members
of the enteric nuclear receptor clade, the regulation of other organs by these same nuclear
receptors via secreted factors is an emerging paradigm in nuclear receptor biology. Recent
discoveries have focused on transcriptional regulation of a subfamily of fibroblast growth
factors (FGFs), including FGF19 (known as FGF15 in the mouse), FGF21, and FGF23.
Most FGFs signal in an autocrine or paracrine fashion; however, members of the FGF19
subfamily are released into circulation and function as endocrine hormones.56

FGF23 is a phosphaturic hormone released from mineralized tissues whose major target
organ is the kidney. 57 In the proximal tubule of the nephron, the primary site of 1,25-
dihydroxyvitamin D3 synthesis, FGF23 binds to its receptor and downregulates the major
apical sodium-phosphate cotransporter, NPT2 (SLC34A1), and reduces the active form of
vitamin D by downregulating 25-hydroxyvitaminD3-1α-hydroxylase and upregulating 25-
hydroxyvitamin D-24-hydroxylase.58Vitamin D increases circulating levels of FGF23, and
activates transcription of its gene in bone.59,60 Although VDR is important for
transcriptional regulation of FGF23, it is not yet clear whether this involves a direct
regulation of the FGF23 promoter.61,62 Thus, VDR controls the secretion of FGF23, which
functions in an elegant bone-kidney endocrine feedback axis to regulate phosphate
reabsorption and vitamin D synthesis in response to phosphate stores and vitamin D activity.
A direction of future research will be to determine if FGF23 has vitamin D-dependent
effects in other tissues of the body.

FXR, on the other hand, controls the synthesis of FGF19, which signals in an intestine-liver
and intestine-gallbladder axis to regulate bile acid synthesis and secretion. Even before its
secretion from the intestine was known, FGF19 was found to repress bile acid synthesis in
cultured primary hepatocytes.63 CYP7A1 encodes the microsomal enzyme that catalyzes
the first and rate-limiting step in the conversion of cholesterol to bile acids; accordingly, its
promoter is regulated in a complex manner by signaling pathways that may originate
directly in the nucleus or at the plasma membrane. Although the exact mechanism is not
known, repression of CYP7A1 in the liver by FGF19 requires the membrane-localized FGF
receptor 4 (FGFR4), an active c-Jun N-terminal kinase (JNK) pathway, and the repressive
nuclear receptor SHP.63,64 Interestingly, in experimentally induced cholestasis, where bile
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acids accumulate in the liver and are absent in the intestine, the hepatic expression of
CYP7A1 is high. Thus, the mechanism of CYP7A1 feedback repression by bile acids does
not merely involve bile acid signaling in the liver. This conundrum was solved in mice by
the discovery that FXR induces the expression of FGF15 (the mouse ortholog of human
FGF19) in the ileum, and that FGF15, which is secreted by enterocytes, functions in an
endocrine manner to repress CYP7A1 in the liver.64 There is now evidence that FGF19
functions in a comparable manner in humans.65 Thus, activation of FXR by bile acids in the
ileum regulates bile acid synthesis in the liver via the endocrine hormone FGF15/19. In a
recent report, FGF15/19 has also been shown to stimulate gallbladder filling by causing the
relaxation of gallbladder smooth muscle.66 The mechanism is believed to involve an
increase in cAMP and antagonism of the gallbladder contracting hormone cholecystokinin
(CCK). FGF15/19 is not expressed in the gallbladder; however, it is induced to high levels
by FXR in the ileum, suggesting that gallbladder relaxation is regulated in an endocrine
fashion by FGF15/19 analogous to the CCK-stimulated gallbladder contraction. The
regulation of the secreted FGFs 19 and 23 led to the discovery that the third member of this
subfamily, FGF21, is a fasting hormone regulated by the fatty acid receptor PPARα.67
These discoveries have drawn attention to the importance of enteric nuclear receptor
signaling not only within the intestine but also in the coordination of complex multi-organ
physiologic processes.

On a final note, many of the enteric nuclear receptors are also expressed in the liver and
kidney. In the liver, PXR, CAR, and FXR play a central role in xenobiotic and bile acid
metabolism.2,22 As in the intestine, they regulate transcriptional programs to coordinate the
three phases of drug/steroid metabolism; namely, oxidation, conjugation, and transport. In
this regard, the liver functions as a second line of defense from dietary components by
ensuring that toxic lipids do not reach the systemic circulation. Both VDR and FXR are
highly expressed in the kidney, an organ that, like the gut, employs active and passive
transport to maintain appropriate levels of nutrients and electrolytes. As already noted, VDR
regulates calcium and phosphate reabsorption and contributes to the regulation of vitamin D
synthesis. However, the function of FXR in the kidney remains elusive. Unlike entero-
hepatic tissues, the kidney is not normally exposed to high concentrations of bile acids,
suggesting that perhaps additional physiologic ligands for FXR are yet to be identified.

CONCLUSION
As described above, new functions of the enteric nuclear receptor network are being
discovered at a record pace. It is beginning to be appreciated that this group of nuclear
receptors, particularly VDR and FXR, function in a wide range of physiologic processes to
maintain homeostasis within the intestine. New approaches are needed to elucidate as yet
unknown functions of the nuclear receptor superfamily in gastrointestinal physiology and
disease. Additionally, much remains to be learned about how the receptors are themselves
regulated and how they interact with other families of transcription factors. The recently
published nuclear receptor expression profile6 and the new functions being discovered for
these transcription factors provide the beginning of a quest to elucidate the temporal and
spatial regulation of transcriptional programs at the organismal level.
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Figure 1. Dendrogram of enteric nuclear receptors defining a distinct clade within the nuclear
receptor superfamily
The dendrogram was created using hierarchical, unsupervised clustering of the 49 mouse
nuclear receptor tissue expression profiles. Branch length denotes relatedness in organism-
wide tissue expression profiles. The enteric nuclear receptor clade is shown in black. All
members of this group are expressed in the intestine. Receptors in black boxes denote
ligand-activated RXR heterodimers discussed in the text. Note that in mice there are two
FXR genes (FXRα and FXRβ). FXRβ is a pseudogene in humans and in mice its ligand and
function are unknown. For simiplicity, the text refers to FXRα as FXR. Figure adapted from
Bookout et al. (2006).6
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Figure 2. Regulation of the intestinal detoxification system by the enteric nuclear receptor clade
As a group, the vitamin D receptor (VDR), the bile acid receptor (FXR), and the xenobiotic
receptors (PXR and CAR) function as sensors in the gut to protect the body from excess
exposure to toxic dietary lipids. All three phases of xenobiotic and bile acid metabolism,
including oxidation/reduction, conjugation, and transport, are regulated at the transcriptional
level by this group of receptors within the intestine. The robustness of the intestinal
detoxification system is a consequence of the ligand binding characteristics of these
receptors. While each receptor binds a unique set of ligands with high affinity, most also
bind common ligands with lower affinity (e.g., bile acids). The result is a system adapted to
a wide range of insults that is able to limit damage should one of its members become
compromised. The redundancy in ligand binding reflects the important evolutionary
conservation of this subgroup of receptors.
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