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Abstract
Several nuclear receptors bind substances in the diet or metabolites of dietary substances. This makes nuclear receptors a
fascinating link between nutrition, toxicology, endocrinology and molecular biology. Nuclear receptor ligands may broadly
be divided into two groups. The � rst group consists of steroid and thyroid hormones, and compounds that constitute
intermediates in different biosynthetic pathways in steroid hormone, sterol and bile acid biosynthesis. The second group
consists of the very diverse array of compounds that, with no or minor modi� cations, directly originate from foods, drugs
or environmental pollutants. This review summarizes recent results on nuclear receptors with an emphasis on those with
ligands of dietary relevance. The � nding that several dietary compounds regulate gene expression in the same manner as
steroid hormones has provided tools to help unravel molecular secrets and mechanisms behind many diet-associated diseases
such as diabetes and obesity.
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Introduction
Nuclear receptors constitute a large group of tran-
scription factors which are involved in many im-
portant biological processes, e.g. embryonic
development, fertility and regulation of
metabolism. Approximately 50 members of this
protein family are known in mammals, of which
around 28 have known ligands or activators. A
measure of their importance is the interest these
receptors attract from the pharmaceutical industry,
as targets for drugs directed against diseases such
as diabetes, cancer and hypercholesterolaemia .

Recently, complete nucleotide sequences have
become available for a few representatives of the
animal kingdom: Caenorhabditi s elegans, a ne-
matode, Drosophila melanogaster, an insect, and
Homo sapiens, a mammal (1). It is thus possible to
� nalize the number of nuclear receptors in these
species, and to concentrate future efforts on char-
acterization of these genes and their role in, for
example, human physiology.

The ‘‘founders’’ of the nuclear receptor gene
family were cloned during the 1980s. These were
receptors for steroid hormones as oestradiol-17b,
testosterone, progesterone, aldosterone and corti-
sol. In addition, it turned out that the receptors for
thyroid hormone and vitamin A belong to the same

gene family. Soon thereafter, many laboratories
reported on the isolation of additional members of
the same protein family, but for which no ligand
had been identi� ed and they were thus termed
‘‘orphan’’ receptors (2). Several of these receptors
have subsequently been found to bind to sub-
stances in the diet or to metabolites of dietary
substances. This makes nuclear receptors a fasci-
nating link between nutrition, toxicology, en-
docrinology and molecular biology.

Basic concepts
To be able to understand the mechanisms of action
of these proteins, one must be familiar with some
basic facts about their structure and function at the
molecular level.

The nuclear receptors are ligand-activated tran-
scription factors that either up- or down-regulate
transcription of speci� c target genes via binding to
sites (response elements) in the promoter region
upstream of each target gene, resulting in changes
in the activity of the basic transcription machinery
(3). These effects of nuclear receptors are mediated
by coactivators or corepressors that form com-
plexes with the receptors and that interact with the
basic transcription machinery (4) (Fig. 1).
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Fig. 1. Schematic model of the mechanism of action of nuclear
receptors. RNA Polymerase II (RNAPII).

the overall degree of sequence identity between
different nuclear receptors is relatively low in the
LBD, this part of the protein also contains regions
that are conserved between most receptors.

Several receptors, for example the oestrogen and
androgen receptors, may also be activated by lig-
and-independent mechanisms such as
phosphorylation.

Ligands in the diet
Nuclear receptor ligands may largely be divided
into two groups. The � rst group consists of steroid
and thyroid hormones, and compounds that con-
stitute intermediates in different biosynthetic path-
ways in steroid hormone, sterol and bile acid
biosynthesis. The second group consists of the very
diverse array of compounds that, with no or minor
modi� cations, directly originate from foods, drugs
or environmental pollutants. The distinction be-
tween these two groups is not absolutely strict, and
there are several examples of nuclear receptors that
may be activated by representatives of both
groups, e.g. both by a steroid metabolite and by an
environmental pollutant (Fig. 2).

Cholesterol and steroid metabolites are
nuclear receptor ligands
Steroid hormones are all derived from cholesterol.
Cholesterol has many physiological functions as
well as pathophysiologica l effects (e.g. involvement
in atherosclerosis) . It is crucial as a precursor in

The most characteristic part of the nuclear recep-
tors is a DNA-binding domain (DBD) comprised
of two Cys2–Cys2 zinc-coordinating modules. Even
the most distantly related nuclear receptors iden-
ti� ed in mammalian species share at least 40%
identity at the amino acid level in this domain.

The ability of a nuclear receptor to regulate gene
expression is in many cases modulated by its bind-
ing of a ligand to a domain positioned carboxy-ter-
minally to the DBD. This domain, the ligand-
binding domain (LBD), also participates in ho-
modimerization or heterodimerization with other
LBDs, and in transcriptional regulation. Although

Fig. 2. Summary of receptors activated by dietary compounds. RAR: retinoic acid receptor; RXR: retinoic X receptor; VDR: vitamin D
receptor; PPAR: peroxisome proliferator activated receptor; HNF: hepatic nuclear factor; ROR: retinoic acid receptor-like orphan receptor;
ER: estrogen receptor; LXR: liver X receptor; SF: steroidogenic factor; FXR: X[Au: De� ne FXR?] receptor; PXR: pregnane X receptor; Vit.
D3: vitamin D3; VDR: vitamin D receptor; CAR: constitutive androstane receptor.
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steroid hormone biosynthesis. The enzymes in-
volved in cholesterol biosynthesis and further
metabolism to steroid hormones and bile acids are
carefully controlled in the organism, e.g. to avoid
excessive accumulation of cholesterol in various
tissues. Several nuclear receptors with ligands
identi� ed during recent years are involved in the
regulation of these metabolic steps; often the lig-
ands constitute intermediates in these pathways.

LXR
Formation of bile acids from cholesterol involves
several hydroxylations . Two nuclear receptors,
liver X receptor-a (LXR-a) and LXR-b (NR1H3,
NR1H2), have been shown to be activated by
hydroxylated cholesterols, oxysterols. Recently, it
was found that the naturally occurring oxysterols
24(S)-hydroxycholesterol , 22(R)-hydroxycholes-
terol and 24(S),25-epoxycholesterol are potent lig-
ands and activators of LXR-a and -b (5–7). The
most informative studies regarding the biological
function of these nuclear receptors have been con-
ducted in mice where either or both of these recep-
tor genes have been inactivated. Feeding a diet
containing high levels of cholesterol to mice carry-
ing these mutations showed that the LXR-a
knockout mice rapidly developed fatty liver due to
defective clearance of cholesterol from this tissue
(8), whereas inactivation of LXR-b, which has a
very similar ligand-binding speci� city to LXR-a,
does not lead to any apparent liver phenotype (9).
It is not yet known whether there are genes that
are uniquely regulated by only one of the receptor
subtypes. Several examples have been published of
genes that are regulated by both receptors, such as
sterol regulatory element-binding protein-1c
(SREBP-1c) (10), but in view of the striking differ-
ences in the phenotypes of the LXR-a and LXR-b
mouse strains, it is likely that speci� c LXR sub-
type target genes will be identi� ed.

FXR
One nuclear receptor, Farnesoid X Receptor
(FXR; also termed BAR, NR1H4), is activated by
physiological concentrations of chenodeoxycholic
acid (11). FXR regulates the expression of the
rate-limiting step in bile acid formation, choles-
terol 7a-hydroxylation, catalysed by the cy-
tochrome P-450 isoform CYP7A1. As expected,
this key gene in cholesterol homoeostasis is subject
to a sophisticated regulation, being up-regulated
by LXR-a (activated by a metabolite derived from
one of the intermediates in cholesterol biosynthe-

sis) and down-regulated by FXR (activated by a
bile acid). In this way, formation of bile acids
from cholesterol is regulated through both feedfor-
ward and feedback mechanisms (12). Whereas
LXR-a appears to interact directly with the 5Æ
regulatory � ank of CYP7A1, FXR � rst induces
the orphan nuclear receptor short heterodimer
partner (SHP, NR0B2), which acts as a repressor
of CYP7A1 activity by inactivating the nuclear
receptor LRH (FTF, NR5A2) which normally up-
regulates CYP7A1.

VDR
A third product, besides steroid hormones and bile
acids, which is derived from cholesterol is vitamin
D3. This physiologically extremely important com-
pound with roles in skeletal and calcium ho-
moeostasis, among others, acts through a member
of the nuclear receptor family, the vitamin D re-
ceptor (VDR, NR1I1) (13). VDR regulates the ex-
pression of several genes encoding proteins partici-
pating in bone formation, e.g. the parathyroid re-
ceptor and osteocalcin (14). Interesting results
have recently been published regarding newly de-
veloped synthetic vitamin D agonists and antago-
nists, based on the crystal structure of the vitamin
D receptor (15). These may potentially have clini-
cal uses in the treatment of, for example, prostate
and breast cancer, traditionally not regarded as
vitamin D targets.

SF -1
Another nuclear receptor, steroidogenic factor-1
(SF-1, NR5A1), has also been reported to be acti-
vated by hydroxylated cholesterol (16). This report
has been questioned (17), but the receptor still
deserves some attention. The main role of this
receptor, as known so far, is in regulating the
enzymes involved in steroid hormone biosynthesis,
e.g. aromatase (CYP19), the enzyme responsible
for converting oestradiol to testosterone. Struc-
turally, SF-1 shows the highest sequence similarity
to LRH1 (see above). A mouse SF-1 knockout has
been created, and this strain has a phenotype re-
markably similar to that of a form of hereditary
adrenal hypoplasia (AHC). This disease has been
genetically mapped to mutations in another un-
usual member of the nuclear receptor superfamily,
DAX1 (NR0B1), which has been shown to act as
a corepressor on SF-1 in a similar manner to SHP,
a close relative of DAX1, which acts on LRH1
(18).
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Vitamins and fat
Dietary fat is one of the most important macronu-
trients for the growth of all animals, as a source of
both energy and of hydrophobic components used
in the synthesis of, for instance, membrane lipids.
Genomic effects of fat may re� ect a response to too
much or too little fat in the diet, or to changes in
the composition of the fat. Several fatty acid-regu-
lated transcription factors have been identi� ed in a
wide variety of organisms ranging from bacteria to
mammals (19). In mammals, these factors include
several nuclear receptors. The peroxisome prolifer-
ator activated receptors (PPAR-a, -d and -g), hep-
atic nuclear factor-4 (HNF-4) and retinoic acid
receptor-like orphan receptor-b (ROR-b) are
known to be regulated by and:or bind fatty acid
metabolites. Efforts have focused mainly on
PPAR-g as a mediator of fatty acid effects on cell
metabolism and differentiation, since PPAR-g is an
important switch in the differentiation of pre-
adipocytes to adipocytes, but it is likely that fatty
acid–nuclear receptor interactions have important
regulatory roles in many physiological contexts.

PPA R
All three PPAR subtypes have important roles in
lipid metabolism. PPAR-a (NR1C1), the � rst
PPAR to be cloned, is activated by, for example,
eicosapentaenoic acid (20:5, n3) and also, to a
lesser extent, by a broad spectrum of other fatty
acids (20a,b). PPAR-a may also be activated by an
amazing variety of other compounds, including
exogenous ligands such as � brates (WY14, 643 and
clo� brate) and plasticizers (phtalates) (21). It is
expressed mainly in liver, heart, kidney and intes-
tines, and a recently developed PPAR-a knockout
mouse has provided important information about
the function of this PPAR isoform. Studies of this
mouse strain have shown that PPAR-a is involved
in the regulation of several hepatic peroxisomal
enzymes (acyl-CoA oxidase, bifunctional enzyme,
thiolase) and microsomal enzymes, as well as cer-
tain apolipoproteins and fatty acid transport
proteins (22).

PPAR-d (also known as Nuc1, FAAR or PPAR-
b, N1C2) is expressed in a broad range of tissues.
Ligand-binding studies show that fatty acids and
their metabolites are better ligands for this receptor
than � brates and other pharmacological substances
(23). So far, no gene or pathway has been identi� ed
that is speci� cally regulated by PPAR-d.

PPAR-g (N1C1) exists as two different splicing
isoforms, PPAR-g1 and PPAR-g2, and is expressed

in adipose tissue, spleen, retina, haematopoietic
cells and epithelial cells in, for example, the colon
(24). PPAR-g2 is the isoform that mainly partici-
pates in adipocyte differentiation (see above). This
receptor is also involved in the induction of en-
zymes engaged in lipid storage. PPAR-g has been
shown to bind speci� cally to a class of compounds
termed thiazolidinediones (TZDs), such as troglita-
zone and pioglitazone (25). TZDs promote
adipocyte differentiation and have antidiabetic ef-
fects. Troglitazone is used clinically to help to
control blood glucose levels in patients with non-
insulin-dependent diabetes (26). Other studies have
shown that certain eicosanoids, e.g. 15-deoxy-
D12,14-prostaglandin J2, also bind to PPAR-g, al-
though it is questionable whether the concentra-
tions needed are physiological (Kd of 2.5 mM) (27).

Different studies have suggested that both
PPAR-a and PPAR-g may play a role in in� amma-
tory processes and, together with oxidized fatty
acid metabolites, PPAR-g has also been proposed
to play a role in the progression of atherosclerosis
(28).

HNF -4
There are two mammalian subtypes of HNF-4, a
(NR2A1) and g (R2A2), where HNF-4a is ex-
pressed at much higher levels, predominantly but
not exclusively in the liver. In 1998, it was reported
that palmitoyl-CoA bound to HNF-4a at close to
in vivo concentrations (Kd 2.6 mM) (29). Although
subsequent studies have challenged this report, it is
possible that some fatty acid will eventually be
identi� ed as the true physiological ligand of HNF-
4a. HNF-4 regulates the transcription of many
important genes, such as ApoCIII and L-PK in the
liver (30). This receptor has an interesting link to
human disease, namely maturity-onset diabetes of
the young (MODY-1), a rare familial form of
diabetes. Certain mutations in the HNF-4a gene
have been linked to this disease, and recently some
models have been presented to explain the molecu-
lar mechanisms behind this connection (31, 32).
HNF-4 seems to be a central regulator of glucose
and lipid metabolism, and even patients carrying a
heterozygous mutation in this gene have signi� -
cantly altered levels of, for example, triglycerides
and several apolipoproteins (33).

RO R
RORs (NR1F1, 2, 3) are a group of orphan recep-
tors mainly expressed in different parts of the
brain, where ROR-b shows the highest degree of
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tissue speci� city, being expressed in areas involved
in the processing of sensory information, including
the spinal cord, retina and pineal gland. An ROR-
b knockout mouse strain has been produced, which
exhibits a similar phenotype to the spontaneous
mutation vacillans, with disorganized retinae, a
‘‘duck-like’’ gait and partial male infertility (34).
Recently, Moras and co-workers (35) published a
paper showing the LBD of ROR-b, bound to a
stearate ligand. Since this particular compound is
unable to activate the receptor in an in vitro assay,
it is unlikely that it represents the physiological
ligand to ROR-b, but it still may give an important
clue to the nature of such a ligand.

RAR and RXR
The retinoids are important factors in a number of
tissues, such as the retina and the central nervous
system. No fewer than six nuclear receptors are
involved in mediating these functions, the retinoic
acid receptors a, b and g (RAR-a, -b, -g, N1B1, 2,
3) and retinoid X receptors a, b and g (RXR-a, -b,
-g, N2B1, 2, 3) (36).

The RXRs are fascinating proteins in their dual
role of being both receptors with physiological
ligands, as well as heterodimeric partners of a wide
array of other nuclear receptors, such as Thyroid
hormone receptor (TR), RAR, VDR and the
PPARs (37). Several years ago it was shown that
9-cis retinoic acid, a stereoisomer of vitamin A,
could activate RXR. Recently, other potentially
physiological ligands to RXR have been suggested,
e.g. docosahexaenoic acid and phytanic acid (38).
The role of RXR as a partner of many receptors,
thereby being involved in many biological pro-
cesses, has resulted in rapid progress in the devel-
opment of RXR-directed drugs; synthetic ligands
for RXR, known as rexinoids, show promising
results in the treatment of metabolic disorders such
as diabetes and obesity (39).

Plant steroids
Several substances of plant origin present in the
daily diet, in at least some cultures, serve as good
ligands for the oestrogen receptors (ERs), and are
therefore often referred to as phyto-oestrogens.
This is, for example, true for genistein and
coumestrol, two compounds present in soya, and
zearalenone, which is an oestrogenic mycotoxin.

O estrogen receptor -b
In 1996, a novel subtype of the oestrogen receptor,
ER-b (NR3A2), was cloned (40). This receptor is

expressed in several tissues where it could poten-
tially encounter the plant oestrogens mentioned
above, e.g. the epithelium of the small intestine and
the colon. Several phyto-oestrogens have a higher
af� nity for ER-b than for ER-a (41). It is thus
likely that ER-b plays an important role in mediat-
ing some of the effects that have been attributed to
diets rich in phyto-oestrogens, such as soya prod-
ucts. Certain bene� cial effects have been suggested
in the context of menopausal symptoms and car-
diovascular disease (42).

Endocrine disruptors and other unnatural
ligands
It is poorly understood why so many compounds
from the plant kingdom show af� nity to mam-
malian sex hormone receptors. It was recently sug-
gested (43) that this phenomenon is a re� ection of
the plant’s defence against being eaten by different
herbivores, by reducing the breeding capacity of
these animals. As several of these substances have
been shown to be bene� cial to humans at lower
concentrations, it is perhaps questionable whether
this is a valid hypothesis.

This brings us to the subject of other substances
that might serve as ligands to nuclear receptors and
be consumed by humans.

PXR
The recently discovered pregnane X receptor
(PXR, NR1I2) plays a central role in the
metabolism of many drugs. It is activated both by
naturally occurring steroids such as pregnenolone
and progesterone, and by synthetic glucocorticoids
and antiglucocorticoids (44). Furthermore, it up-
regulates the cytochrome P-450 isoform 3A4
(CYP3A4), responsible for the oxidative meta-
bolism of approximately 60% of all clinically used
drugs (45). It is responsible for many interactions
between drugs, where the intake of one drug may
speed up the metabolism of another drug, which
thereby may reach such low plasma levels as to
become inactive in the patient.

One example of such interactions between drugs,
where PXR may be involved, is the recent discov-
ery that intake of St Johns wort, a mild seducing
agent, lowers the effect of certain oral contracep-
tives, as St Johns wort contains hyperforin, a po-
tent activator of PXR (46).

C AR
Constitutive androstane receptor (CAR, NR1I3) is
an apparently constitutive transactivator, its activ-
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ity being inhibited by androstanes acting as inverse
agonists (47). However, CAR transactivation is
increased in the presence of 1,4-bis[2-(3,5-dichloro-
pyridyloxy)]benzene (TCPOBOP), the most potent
known member of the phenobarbital-like class of
CYP P-450-inducing agents (48). It has also been
shown that a subset of xenobiotic ligands may
activate both CAR and PXR, adding even further
complexity to the topic of regulation of drug
metabolism (49).

Conclusion
Nuclear receptors have turned out to be of interest
not only to endocrinologists , pharmacologists and
medicinal chemists, but also to toxicologists and
nutritionists. Indeed, the insight that nutrients op-
erate in similar ways to many hormones has meant
a paradigm shift in nutrition and has helped to
create a new and modern subdiscipline within nu-
trition, namely molecular nutrition. We now have
tools to help to unravel the molecular secrets and
mechanisms behind many diseases associated with
diet, such as diabetes and obesity, and to obtain a
more rational basis for giving dietary advice to
healthy and diseased individuals. Nutrition is no
longer a mainly phenomenological discipline but
has quali� ed as a truly experimental science offer-
ing fantastic and exciting opportunities for young
researchers eager to understand the molecular de-
tails of how diet affects our bodies.
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