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Preface

“The Solvay Pharmaceuticals Conferences:
where industry meets academia in a search for novel therapies”

Nuclear Receptors Take Off

The cloning of the first nuclear receptor cDNA encoding the human glucocorticoid
receptor was described in 1985 by the team of Evans [1]. Over the next 25 years a dra-
matic growth of knowledge on nuclear receptors followed this discovery [2]. The
knowledge on nuclear receptors has delivered novel therapies for lipid control and
hormone replacement, and for management of cancers and diabetes, and millions of
humans were subjected to therapies with nuclear receptor modulators over last dec-
ades [2,3].

Nuclear receptors are a family of transcription factors consisting of 49 members
identified in the human genome [3]. Nuclear receptors regulate transcription by binding
to response elements in the regulatory regions of target genes and thereby affect ex-
pression of genes involved in differentiation, growth, lipid homeostasis, inflammation
and immunity. Therefore, nuclear receptors are attractive molecular targets for design
of therapy for diabetes, obesity, atherosclerosis, cancer, inflammation and neurodegen-
eration.

Many drugs from the armamentarium of contemporary physicians are acting on
nuclear receptors: estrogens for hormone replacement therapy, anti-estrogens for treat-
ment of cancer, steroids for treatment of inflammatory disorders, fibrates for treatment
of dyslipidemia, and thiazolidinediones for therapy of diabetes [2].

Through their distinct tissue distribution and specific target gene activation, the
peroxisome proliferator-activated receptors (PPARs) o, y and & modulate diverse as-
pects of fatty acid metabolism, energy balance, insulin sensitivity, glucose homeostasis
and inflammatory responses. Two types of PPARs are marketed: PPAR« is the target
for fibrates (hypolipidemic drugs), PPARYy is the target for thiazolidinediones (anti-
diabetic drugs).

The Liver X Receptors (LXRs) modulate macrophage cholesterol efflux and re-
press the expression of pro-inflammatory genes. Therefore, LXRs are considered as a
target for the treatment of atherosclerosis (prevention and reversal). LXRs are key
players in inflammatory conditions such as rheumatoid arthritis, inflammatory bowel
diseases and diabetes. Through action on both cholesterol homeostasis and inflamma-
tory processes, LXRs are considered as prospective targets for design of novel thera-
pies for Alzheimer’s disease.

Thyroid hormone signals are transduced by two distinct nuclear receptors: TRa
and TRB. TRo mediates the effects of thyroid hormones on heart rate whereas TR[3
mediates cholesterol lowering effects. Therapeutic use of these receptors has not sub-
stantiated yet, but both are carefully considered by drug developers.



vi

In addition to transcriptional regulation of metabolic pathways, nuclear receptors
regulate the expression of genes participating in inflammatory cascades as well as
genes promoting cellular growth and differentiation. Therefore, nuclear receptors con-
tinue to be important for the development of novel therapies of inflammation, cancer
and neurodegeneration.

This volume contains papers from the Eight Solvay Pharmaceuticals Conference
on Nuclear Receptors as Molecular Targets for Cardiometabolic and Central Nervous
System Diseases held in Nice (France) April 11-13, 2007.

It has been the aim of these conferences to bring together scientists from academia
and from industry in order to stimulate dialog between them in a congenial setting. The
focus of this conference centered on the mechanistic involvement of nuclear receptors
in cardiological, metabolic and neurological disorders, on possible explanation of
pathways involved in pathogenesis, on susceptibility to and prevention of metabolic
and neurological disorders and on the aspects of drug finding including chemistry and
rational drug design. New technologies were highlighted including gene expression,
novel approaches towards epigenetics, physiological monitoring and prospective use of
novel therapeutics.

W. Cautreels
C. Steinborn
L. Turski
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Conference Preface

Nuclear Receptors (NRs) are transcription factors, which control pathways that may be
modified in pathological conditions, by regulating the expression of genes. The NR super-
family is composed of several subfamilies, with common characteristics in terms of structure,
mode of activation and gene regulation, which makes this family attractive for researchers
from both Academy and Pharmaceutical Industry to study their physiological functions and to
decipher their potential as new targets for specific diseases.

The NR field has been one of the most successful research areas for the
pharmaceutical industry, having yielded not only breakthrough drugs for serious diseases,
such as immuno-inflammation, cancer, endocrinology, metabolic diseases, but also a high
number of drugs per target (e.g. glucocorticoids, steroid hormones, mineralocorticoids,
retinoids, fibrates and glitazones).

Interestingly, the NR family remains relatively little exploited, since, among the 48
members of this family in man, only few receptors have been extensively investigated. There
is therefore a clear need to better understand these “new” receptors, in terms of their structure,
how they function, what their endogenous ligands, if any, are, what their role in physiological
and pathological conditions are, which diseases they modulate and what the potential risks
associated with new drugs acting on these receptors are. It is known for long that NRs play a
central role in the peripheral control of metabolic homeostasis, but more and more evidence
indicates a role also in the brain where they control not only metabolic and inflammatory
pathways, but also indirectly the neuronal machinery.

Nowadays, a major challenge is to move from symptomatic treatment to curative or
preventive therapies, and new knowledge, technologies and paradigms have to be developed
and applied to modern drug discovery. For instance, as the pathophysiological mechanisms in
Alzheimer’s disease are becoming better understood, modulatory roles for a number of NRs,
such as the LXRs or PPARs, have been reported.

NRs appear more difficult targets than, for instance, membrane receptors, since they
reside inside the cell, act in the nucleus and control several pathways. However, NRs have the
potential to impact on serious diseases and the benefit/risk has always to be assessed as early
as possible, at preclinical and clinical stages, and put in perspective with other proposed
therapies.

It is our belief that the therapeutic potential of each nuclear receptor is vast. This is
nicely illustrated in this meeting’s proceedings for the LXRs, FXR, PPARs and NURRs
which have existing or potential pharmacological applications for the treatment not only of
cardiometabolic diseases but also CNS disorders.

Bart Staels Jean Louis Junien
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An Introduction to the Nuclear Receptor
Superfamily

Vincent Laudet
Molecular Zoology, Institut de Génomique Fonctionelle de Lyon;
UMR 5242 du CNRS; INRA; IFR128 BioSciences Lyon-Gerland; Université de Lyon;
Ecole Normale Supérieure de Lyon, 46 Allée d’Italie, 69364 Lyon Cedex 07, France

Abstract. Nuclear receptors (NRs) are major targets for drug discovery and play
key roles in development and homeostasis, as well as in many diseases such as
obesity, diabetes and cancer. This review provides a general overview of the
mechanism of action of nuclear receptors and explores the various factors that are
instrumental in modulating their pharmacology. One of the most promising aspects
of nuclear receptor pharmacology is that it is now possible to develop ligands with a
large spectrum of full, partial or inverse agonist or antagonist activities, but also
compounds, called selective nuclear receptor modulators, that activate only a subset
of the functions induced by the cognate ligand or that act in a cell-type-selective
manner.

Keywords. Nuclear Receptors, orphan receptors, ligands, evolution, SERMs

Introduction

Many hydrophobic hormones such as estrogens, thyroid hormones, and corticoids, but also
food-derived compounds such as fatty acid and cholesterol metabolites play important roles
in physiological processes including reproduction, homeostasis control and embryonic
development [1]. Each of these hormones can be implicated in a wide array of effects in a
single organism. For example, estrogens, in addition to their critical role in reproduction,
have been implicated in reducing the incidence of coronary heart disease and in
maintaining bone mineral density (reviewed in [2]). However, the use of estrogens is also
associated with an increased risk of uterine and breast cancer, factors which limit their use
by many postmenopausal women. In addition, the actions of estrogens are mimicked by a
variety of xenoestrogenic compounds including synthetic steroids, pesticides, industrial
chemicals and phytoestrogens leading to potentially adverse health effects in humans and
wildlife [3].

The actions of these hydrophobic hormones within the organism are mediated
through a conserved family of ligand-activated transcription factors, the nuclear receptor
(NR) superfamily which consists of 48 genes in human [1]. Because of the essential role
played by NRs in virtually all aspects of mammalian development, metabolism and
physiology, dysfunctions of signalling pathways controlled by these receptors are
associated with reproductive, proliferative and metabolic diseases [1,4]. The ligand-binding
ability of half of the nuclear receptors makes them promising pharmaceutical targets. Every
liganded NR has one or more cognate natural or synthetic ligands that are used in therapy.
Classical examples include retinoic acid targeting RARo in acute promyelocytic
leukaemia, the synthetic ERa antagonist tamoxifen used in the treatment of breast cancer,
dexamethasone for GR (used in the treatment of inflammatory diseases), and
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thiazolidinediones that are a treatment for type-2 diabetes and bind PPARYy [4]. Interest in
developing NR-targeting drugs has been reinforced recently by the realization that it would
be possible to generate compounds collectively referred to as SNuRMs (Selective Nuclear
Receptor Modulators) that may have tissue-specific effects (i.e. that may behave as agonists
in some tissues while behaving as antagonists in others) and/or promoter specific effects
(i.e. that may regulate only certain genes and not others) [4-6].

This short review will describe in general terms the structure and mode of action of
nuclear receptors. It will also discuss NR ligands, an apparently simple concept that has
considerably evolved over the years. Through the knowledge on NR ligand mode of action,
this review will show what the main trends are to explain the specificity behind SNuRM
action.

1. The Superfamily

Let’s start by presenting in general terms the main actors of the drama. The NR superfamily
includes receptors for hydrophobic molecules such as steroid hormones (e.g. estrogens,
glucocorticoids, progesterone, mineralocorticoids, androgens, vitamin D, oxysterols, bile
acids and ecdysteroids in insects), retinoic acids (all-frans and 9-cis isoforms, although the
in vivo relevance of 9-cis retinoic acid is strongly debated), thyroid hormones, fatty acids,
leukotrienes and prostaglandins [4]. NRs are known in all metazoan phyla but are still not
known in other organisms (e.g. plants, fungi or unicellular eukaryotes) although some
distantly NR-related sequences were recently described in fungi [7,8]. The number of NR
genes varies widely from one organism to another: 48 in human, 49 in mouse, 71 in
zebrafish (fish have duplicated their genome a long time ago), 21 in Drosophila and more
than 270 in the nematode C. elegans in which massive duplication of a unique NR, HNF4
has occurred [9,10]. Overall and despite species variations and strikingly bizarre situations
(such as the case of a NR with 2 DBDs recently described in a flatworm, Schistosoma [11]),
one should retain that there are classically ca. 45-50 NR genes in vertebrates and ca. 18-20
in invertebrates [9].

All NRs share several conserved functional domains such as the DNA-binding
domain (DBD) and the ligand-binding domain (LBD). In fact, in the final years of the last
century, many NRs have been identified through their sequence identity with these
conserved domains since the original cloning of the first members of the superfamily (ERa
and GR) [1]. Strikingly, several of these newly identified have no identified natural ligand
and are referred to as «orphan receptors». It is still unknown whether these orphan
receptors are classical, liganded receptors with ligands that remain to be discovered or if
they are real orphans (i.e. constitutively active transcriptional regulators whose activity can
be regulated by other mechanisms). Among these orphan receptors, some are clearly real
orphans because they do not contain the domain implicated in ligand binding. This is the
case for example of the Drosophila genes KNI, KNRL and EAGLE, and several nematode
NR genes. Notably, other receptors, such as the DAX-1 gene implicated in sex
determination in vertebrates and its paralogue SHP, which is important for cholesterol
homeostasis, have a complementary structure because they contain a ligand-binding
domain (LBD) but no classical DNA-binding domain (DBD) (reviewed in [1]) (What about
NR4A??). Although ligands have since been described for several orphan receptors such as
LXR, FXR, PXR and CAR, the identity of the ligands, if any, of other orphan receptors
such as COUP-TFI or TLL is still a mystery. In fact, among the 48 known NRs in the
human genome, only 24 are clearly liganded receptors, (even if the definition of a liganded
receptor will be dependent of our definition of a ligand).

The existence of orphan receptors raises some interesting questions regarding their
origin and relationship with liganded receptors. In fact, the evolutionary origin of the NR
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family is still marred with the controversy of whether the ancestral receptor was a liganded
or an orphan receptor. For the latter scenario, regulation of NR activity through ligand
binding would have to have evolved several times independently [7,10,12].

Owing to the multitude of different names given to NR gene products, an official
nomenclature was proposed by the Nuclear Receptor Nomenclature Committee in 1999
[13] that relies on the phylogenetic relationships of the receptors. Indeed, sequence
alignment and phylogenetic tree construction resulted in the classification of the human NR
family into seven evolutionary groups of unequal size [7,13]. A correlation exists between
the DNA-binding and dimerization abilities of each NR and its phylogenetic position. This
is not the case for ligand-binding ability; an observation that favours a model of
independent gain of ligand binding during evolution, starting from an ancestral orphan
receptor (Figure 1):

1. This large group contains the TRs, RARs, VDR and PPARs, as well as orphan
receptors such as the RORs, Rev-erbs, CAR (NR113), PXR (NR112), LXRs, etc.

2. This group includes RXRs, COUP-TF and HNF4.

3. This group includes the steroid receptors such as ERs, GR, PR, AR, as well as the

ERRs.

4. This small group contains the NGFI-B group of orphan receptors (NGFI-B

(NR4A1), Nurrl (NR4A2), NOR-1 (NR4A3)).

5. This is another small group that includes SF-1 (NR5AT1) and the receptors related to
the Drosophila FTZ-F1.

6. This subgroup consists solely of the GCNF1 receptor (NR6A1), which does not fit
well into any other subgroups.

7. The receptors with a conserved domain (either LBD or DBD) missing such as the

DAX-1 and SHP receptors are arbitrarily clustered into a seventh subfamily, called

NRO
Homo ERR1
981
(= aw)"
————— Homo NURRI \
—  HomoNGFIB (IV’

Homo RZRA
Drosophila E78
Homo Rev-Eib
Drosophila E75

@

Homo RARG
I . .
L HomoRARA Retinoids
Homo HNF4

Drosophila USP

1 '—Homo RXRB ..
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Homo EAR2
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1000 )
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Figure 1. A phylogeny of the nuclear receptor superfamily highlighting the 7 major subfamilies. The
robustness value supporting each subfamily branch is boxed in red. The chemical nature of the ligand is
indicated by a colour code. Orphan receptors are in white.
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2. Nuclear Receptors for Beginners

Nuclear receptors are modular proteins, possessing several domains that carry out specific
functions required for their activities as ligand-regulated transcription factors. Most NRs
bear an N-terminal ligand-independent transcriptional activation domain (AF-1), a centrally
located DNA-binding domain (DBD) consisting of a strongly conserved core region of 66
amino-acids which encodes for two zinc finger modules, a flexible hinge that allows
flexibility between the N- and C-terminal part of the molecule, and a C-terminal ligand-
binding domain (LBD), which interacts with the ligand, allows receptor dimerization and
additionally serves as a ligand-activated transcriptional activation function (AF-2).
Following ligand binding, the ligand-binding domain undergoes a conformational change
during which the most C-terminal helix, H12, forms a lid that closes the hydrophobic
pocket in which the ligand is buried (reviewed in [6,14]). It has been shown that this
conformational change triggers a major shift in the co-regulatory proteins (co-repressors
and co-activators) that are able to interact with the ligand-binding domain. This “mouse-
trap” model is still basically correct but has been completed over the year: it is now clear
that the LBD is in an equilibrium between these two conformations and that the ligand
induces a shift in this equilibrium.

Nuclear receptors can bind to DNA either as monomers (for example, steroidogenic
factor-1 SF-1), homodimers (for example, steroid receptors such as ER), or heterodimers
with the promiscuous Retinoid X Receptor (RXR) (for example RAR, TR, VDR and
several orphan receptors) [1]. Nuclear receptor response elements are derivatives of the
canonical sequence PuGGTCA, called hormone response elements (HREs). Modification,
extension and duplication (including alternate relative orientations of the repeat such as
direct, inverted or everted) of this sequence generates response elements that are selective
for a given receptor(s) or class of receptors (for example, estrogen response elements
(EREs) for ERs or retinoic acid response elements, RARE for RAR-RXR; see [1] for a
review). By binding as dimers to sequence-specific response elements located in the
regulatory regions of their target genes nuclear receptors exert either positive or negative
control over the rates of transcription.

Through these response elements but also via alternate mechanisms including cross-
talk with other signalling pathways (e.g. AP-1, NFkB, STAT), NRs exert control over
complex networks of genes that mediate various aspects of the action of their ligands [1],
[15]. Given that most NR ligands have wide pleiotropic actions in the body these networks
could be complex and variable from one organ to another but also from one physiological
condition to another. For example, estrogens are key regulators of growth, differentiation,
and the physiological functions of a wide range of target tissues including the male and
female reproductive tracts, breast, and skeletal, nervous, cardiovascular, digestive and
immune systems. In addition, estrogens are known to regulate cell proliferation in breast
cancer cells and uterine endometrium [2,16-18]. Among the well-known direct targets of
estrogens in breast that may explain their role in activating breast cancer cell proliferation,
are the pS2 gene also known as TFF1 (trefoil factor 1) that exhibits complex regulation by
estrogens and growth factors, the cathepsin D gene encoding a lysosomal proteinase, the c-
myc proto-oncogene, various cyclin genes, the progesterone receptor gene, as well as
another member of the nuclear receptor superfamily, the growth factor gene TGFa [16-18].

Numerous in vitro studies have shown that the LBD is a functionally complex and
dynamic domain as it mediates ligand-binding, dimerization and contains a ligand-
dependent transactivation function. The LBD contains three structurally distinct but
functionally linked surfaces: (i) a dimerization surface, which mediates interaction with
partner LBDs, e.g. RXR, (ii) the ligand-binding pocket (LBP), which interacts with the
small lipophilic ligand (in the case of liganded NRs), (iii) a co-regulator binding surface,
which binds to regulatory protein complexes that modulate transcriptional activity
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positively or negatively. Part of this surface corresponds to an activation function helix,
termed AF-2, which mediates ligand-dependent transactivation [6,14,19]. Within AF-2, the
integrity of a conserved amphipathic a-helix called helix 12 has been shown to be required
for ligand-dependent transactivation and co-activator recruitment.

The first resolution of a NR LBD crystal structure, the unliganded RXRa., revealed
that the LBD is a highly structured domain [20]. This crystal structure, together with the
elucidation of the 3D-structures of multiple other nuclear receptor LBDs, showed a
common fold comprising 10-13 a-helices (H) and a short B-turn (s1-s2), arranged in three
layers to form an anti-parallel “o-helical sandwich”. Helices H1-H3 constitute one face of
the LBD ([21], reviewed in [14]). H4, HS, s1-s2, H8 and H9 correspond to the central layer
of the domain and H6, H7 and H10 form the second face. The superposition of all available
LBD structures reveals a clear overall similarity, particularly in the top half of the LBD,
that includes H1, H4, H5 and H7-H10 and corresponds to a structurally rather invariable
region. The lower part of the LBD harbours a variable region, which contains the ligand-
binding pocket (LBP).

Their mode of activation has made nuclear receptors an attractive system in which
to study the mechanisms of transcriptional regulation. Several different classes of proteins
interact with NRs to enhance or inhibit their activity as frans-acting factors, and these
interacting proteins include co-activators, co-integrators, co-repressors, and multiple
proteins associated with the basal transcription machinery (reviewed in [22,23]). In the
absence of hormone, many receptors actively repress transcription via direct interactions
with co-repressors such as NCoR, SMRT or SunCoR. It was shown recently that a
conserved motif in NCoR and SMRT, called the CoRNR box, interacts with a groove in the
LBD surface that is topologically very similar but not identical to that recognized by co-
activators ([1,4,6,19]). These co-repressors recruit high molecular weight complexes that
display histone deacetylase activities. Deacetylated histones are associated with silent
regions of the genome, and it is generally accepted that histone deacetylation shuffles
nucleosomal targets toward a condensed chromatin configuration which leads to
transcriptional repression. Although unliganded estrogen receptors do not repress
transcription and do not recruit co-repressors it has been shown that, like other steroid
receptors, they bind to co-repressors in the presence of certain antagonists [19,24].

As mentioned above, binding of the ligand to the receptor induces a conformational
change that leads to co-activator recruitment. Most of the co-activators that interact with
the receptors in a ligand- and AF-2-dependent manner do so through a small signature
motif called the LxxLL NR box (where x is any amino-acid) motifs that are embedded in a
short a-helical peptide (see [22,23] for a review). These NR boxes are necessary and
sufficient for ligand-dependent direct interaction with a cognate surface in the nuclear
receptor ligand-binding domain that constitutes the transcriptional activation function AF-
2. This surface corresponds to a hydrophobic cleft with ‘charge clamps’, to which helix
H12 contributes when repositioned on the surface of the ligand-binding domain upon
ligand binding. This hydrophobic cleft accommodates the amphipathic LxxLL NR box
helix of co-activators as has been revealed by X-ray crystallography (reviewed in [6] and
[19D).

Most nuclear receptors, such as ERs require a large variety of co-activator proteins
for their transcriptional activation activities [23,25]. Such co-activators, are now known to
act in three major complexes: (i) the ATP-dependent chromatin remodelling
SWI/SNF/BRG complexes which contain nuclear ATPases such as BRG-1 or BRM that are
closely related to the yeast Swi-2 protein; (ii) the pl60 multiprotein complex which
possesses intrinsic histone acetyltransferase activity. This multiprotein complex includes
histone  acetyltransferases  (the pl60 family co-activators SRC-1/NCoA-1,
TIF2/GRIP1/NCoA-2, and pCIP/ACTR/AIB1/RAC3/NCoA-3), the p300 and CBP
transcriptional integrators, and the CBP/p300-associated factor (pCAF) as well as
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Figure 2. An oversimplified model of NR mode of action. In the absence of ligand most NRs in the apo form
(right) are bound to DNA as dimers and actively repress target genes through the recruitment of co-repressor
complexes that induce histone deacetylation. The ligand promotes a conformational change (holo form, right)
that led to the release of co-repressors and the binding of co-activators that mediate histone acetylation and
gene activation. In a second step the mediator complex leading to transcriptional initiation replaces co-
activators.

numerous other proteins such as the protein-methyltransferase CARMI, the RNA co-
activator SRA, or the helicases p68 and p72; (iii) the mediator-like protein complexes that
is called DRIP, TRAP, ARC, SMCC or PBP complex which among others contain the
DRIP205/TRAP220 protein that interact with ligand-activated nuclear receptors in an AF-
2-dependent manner (see Figure 2 as well as [4] and [23] for reviews).

A sequential model of NR-mediated transcriptional initiation suggests that the p160
proteins dissociate, subsequent to their acetylation that decreases their ability to interact
with the receptors, or their degradation by the proteasome. This initial chromatin-modifying
step carried out by p160 co-activators has to be followed by the actual recruitment of the
RNA polymerase II holoenzyme. Activated NRs can recruit the transcriptional machinery
through their association with members of the mammalian mediator (TRAP/DRIP
complex), which directly contacts components of the basal transcription machinery (see
[4,19,22,23,25] and references therein).
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All these entities are composed of several subunits that are associated through
protein-protein interactions. The precise composition and activity of these complexes is
variable from one tissue or one promoter to another and these complexes can be modified at
distinct steps of the transcription initiation process but the molecular details of these
processes are still far from being clear. Of course other co-activators that are not directly
linked to these three major complexes exist (see [22]). Indeed, there are a number of
additional proteins that have been proposed as NR co-activators based on simple criteria of
ligand-dependent binding to NRs and/or ability to synergize NR-mediated transactivation
evaluated by transfection-based assays (see [23] and references therein). The question
whether these additional molecules play a totally independent role or are linked to the three
complex types is still under intense scrutiny in a number of laboratories as is the question
of the relationship between all these proteins and the basic transcription machinery,
including TBP-associated factors (TAFs).

3. NR Ligands: A Complex and Evolving Notion

As discussed above, the ligand-binding pocket is an important structural feature of NRs, at
least for the liganded receptors, since the first step of receptor activation is initiated by
ligand binding. It is generally located behind helix 3 and in the front of helices 7 and 10,
and is lined with hydrophobic amino-acids. Few polar residues at the deep end of the
pocket near the B-turn act as anchoring points for the cognate ligand or play an essential
role in its correct positioning, thus reinforcing the selectivity of the pocket. The specificity
of ligand binding is also determined by the shape of the pocket, which can vary greatly
from one receptor to another.

NRs were first described as high-affinity hormone receptors (Kd at the nanomolar
range) highly selective for the binding of well-characterized hormones. Estrogen receptors,
glucocorticoid receptors and thyroid hormone receptors are classical examples of such
receptors. The thyroid hormone receptor, for example, binds T3 as a high-affinity
physiological ligand and the affinity for T4, the precursor of T3 is 10-fold lower [26].
Similarly, reverse T3, which like T3 contains 3 iodines but placed in different positions, has
a much lower affinity, exemplifying the very strong selectivity of the receptor. Given the
importance of these molecules in human physiology, NR genes were considered as major
targets to identify new hormones behaving in a similar way and numerous large screens to
find similar high-affinity selective ligands for orphan receptors were initiated (see
Figure 3).

It rapidly became clear that the situation was much more complex and plastic. The
fact that retinoic acid, which is not a hormone but rather a morphogen or a growth factor
was a high-affinity ligand for a nuclear receptor was a first indication that the ligands for
NRs were much more diverse than expected. Then, ligands derived from food and/or
intermediate cholesterol and fatty acid metabolism were identified for receptors such as
PPARs, LXRs or FXRs. The fact that it was the case of the PPARs that provided the first
hints in this new direction is interesting to mention. In fact PPARs (hence their bizarre
name) were first discovered as high-affinity receptors for molecules known to promote
peroxisome proliferation and hepatocarcinogenesis in rodents [27]. It became then clear
that the transcriptional activity of the PPARs was also regulated in transfection assays by
fatty acids but these molecules were considered as activators and not as bona fide ligands.
This distinction is important: an activator can promote the transcriptional activity of a NR
without being a real ligand since it can be the precursor of this ligand [1]. At the same time
PPARs were shown to bind fibrates that were already known as potent hypolipidemic drugs
that were used in the clinic. We now believe that there is a multitude of PPAR ligands and
that these ligands are different in the three PPAR genes (PPARa, B and y) and even
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Figure 3. A schematic illustration of the various mode of interaction between small hydrophobic molecules
and nuclear receptors.

between different species. Interestingly, the endogenous ligands for PPARs are still a
matter of investigation because many researchers in the field are still convinced that a
“real” bona fide ligand with high-affinity and selectivity exists for these receptors.
Nevertheless, given the prevalent view today suggesting that PPARs act as lipid sensors
that translate changes in lipid/fatty acid levels from the diet into metabolic activity leading
to lipid storage or fatty acid catabolism, it is likely that a multitude of ligands exist [28].
The situation is striking in that at the same time a large number of synthetic compounds can
behave as PPAR ligands with high-affinity (nanomolar range) and selectivity.
Thiazolidinediones such as pioglitazone or rosiglitazone or fibrates such as fenofibrates are
well-known agonists of PPARy and PPARa respectively used for treatment of diabetes and
dyslipidemia. This example, which parallels very closely what has been found later on for
LXR (recently described as a glucose sensor [29]) or FXR exemplifies how the field has
conceptually moved from specific ligands for receptors such as TRs to regulators of the
activity of metabolic sensors such as PPARs [30].

The estrogen receptor is in fact an interesting case to mention in this discussion
because it provides a link between the “receptors” and the “sensors”. ERs are clearly
receptors of 17B-estradiol, the natural estrogen present in human. Nevertheless the diversity
of molecules that can bind to estrogen receptors is enormous since ERo and ERp are the
targets of many pollutants and man-made chemicals, collectively referred to as endocrine
disruptors, that are known to affect the reproductive physiology of humans and animals
[3,31]. Bisphenol A, the insecticide DDT, alkyl phenols or phthalates are examples of such
compounds [31]. Even more interestingly, plant-derived compounds such as genistein
(found in soy); flavonoids such as luteolin (found in alfalfa) are classical examples of these
types of molecules called phytoestrogens [31]. The ERs are thus able to sense the level of
these compounds present in the food and to precisely regulate the transcriptional activity of
the organisms in response to these compounds. Whether this represents an ancestral system
from which high-affinity estrogens binding as then be elaborated is still an open, and
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active, question. Interestingly VDR, that is a receptor for vitamin D (1,25(OH)2D3) but
also for bile acids such as lithocholic acid, provides another example of a high-affinity
receptor whose selectivity is finally wider than expected [32].

The xenobiotic sensors PXR and CAR are also interesting to mention on the road to
a more and more diverse relationship between NRs and small molecules (reviewed in [30]).
Both receptors are known to bind to an amazingly large number of compounds. They
respond to a wide variety of toxic foreign compounds (hyperforin, rifampicin, TCBOBOP
etc.) but also to potentially toxic endogenous compounds called endobiotics (e.g. bile acids,
oxysterol precursors etc.). CAR was even described as a receptor that can be de-activated
by its ligand (androgen metabolites androstanol and androstenol), that are thus behaving as
inverse agonists [33]. Interestingly the 3D-structure of the ligand-binding domain of human
PXR complexed with the cholesterol-lowering drug SR12813 reveals that the very large
ligand-binding cavity contains a small number of polar residues, permitting SR12813 to
bind in three distinct orientations [34]. Thus a unique ligand can find its place in a pocket in
three different orientations, clearly highlighting the versatility of this receptor.

At this stage it is important to mention a series of bizarre observations that
considerably broaden the list of possible behaviours in the ligand-receptor relationships.
First two molecules of a PPARy ligand, FMOC-L-Leucine, have been shown to bind
simultaneously to the large pocket of the receptor [35]. Interestingly, a second ligand-
binding site has been recently shown to exist in the case of ERP. Indeed a well-known
ligand, the estrogen antagonist 4-hydroxytamoxifen (HT) can occupy not only the core
binding pocket within the ligand-binding domain of ER[B but also a second site on its
surface that overlaps with the hydrophobic groove of the co-activator recognition surface
[36]. These striking observations have to be confirmed and extended before their potential
in terms of drug design can be assessed but this clearly shows that even on well-known
receptors or ligands new and amazing observations are still possible. Recently it was
discovered that the drosophila receptor E75 contains a heme prosthetic group, and the
oxidation state of this heme, modified through the binding of either nitric oxide or carbon
monoxide molecules, determines whether the receptor can interact with its partner DHR3
[37]. Whether this is also true for the vertebrate orthologue of E75, the orphan receptors
Rev-erbs, and its partner DHR3 (the orphan receptors RORs) is still unknown.

The example of E75 allows us to describe orphan receptors (reviewed in [38]). If
some orphan receptors such Nurrl are considered as «real» orphans since the crystal
structure of their LBD does not reveal any pocket, some others are clearly ligand-regulated
[39]. This is the case of ERRs for which several activators are described but are still
considered as orphan receptors because they have no endogenous ligand [40]. This may
also be the case for SF-1 or LRH-1 that are somehow on the path to becoming adopted
orphans since their transcriptional activity can be regulated by phosphatidyl inositol [41].
Several cases of orphan receptors (HNF4, USP) permanently associated with fortuitous
ligands that were captured in the ligand-binding pocket during over-expression in bacteria
should nevertheless be taken as cautionary tales before claiming that a new ligand has been
identified (see [38] for a review).

These examples clearly show that the notion of NR ligand should be revisited since
the view that a ligand is a high-affinity and specific molecule that binds to a receptor is not
describing correctly the complex reality. The case of RXR which was described as a bona
fide receptor for 9-cis retinoic acid, a compound that is not found in significant amount in
vivo and was later shown to behave as a lipid sensor, exemplifies how a more modern
definition of a NR ligand would be important [42]. It is clear that three characteristics that
should be present for a molecule to be defined as a NR ligand are: a) the possibility to be
exchanged (that is to freely enter and leave the pocket), b) the presence in vivo at relevant
concentrations and c) the ability to promote a conformational change of the LBD [4,19].
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4. SNuRMs

Many studies have explored the structural and functional basis of ligand selectivity and the
interested reader should start by looking the following reviews [6,14,19] for an overview of
this rapidly evolving field. As discussed above, the activity of NRs is mediated by the LBD
helix H12, the position of which depends on whether ligand is bound, and determines the
ability of the receptor to recruit co-factors. Binding of an agonist triggers a mechanism by
which H12 is stabilized in the so-called active conformation, thereby creating a surface of
interaction with short LxxLL motifs of co-activators. Conversely, binding of an antagonist
keeps helix H12 out of the active position. In the absence of ligand or in the presence of
certain antagonists, co-repressors can bind to NRs through a longer LxxxI/HxxxL/I helical
motif to the same surface as the co-activators with H12 displaced from the active
orientation. This general concept of a molecular switch involved in the activation and
inhibition of receptors mostly derives from X-ray crystallography experiments and does not
fully explain the functional behaviour of ligands such as partial agonists, antagonists or
inverse agonists [19]. This is mainly due to the fact that the regulation of the transcriptional
activity of NRs is a highly dynamic process, a feature that is often not well illustrated by
static crystal structures. An important point to realise is that the ligand-binding pocket is a
highly adaptative structure that can adapt to various ligand shapes. Thus different ligands
can induce slightly different conformations of helix 12, thereby generating different
surfaces of the receptors that thus allow the recruitment of different types of co-activator
complexes. The fact that a large number of such co-activators exist and that a wide variety
of ligand-induced conformations of the LBD have been described, shows that there is an
enormous amount of variation that can be explored for drug design. This adaptability of the
ligand-binding pocket is at the basis of the effects of Selective Nuclear Receptor
Modulators (SNuRMs) that are nuclear receptor ligands having cell or tissue-specific
activities [4,19]. In fact, SNuRMs can simply be viewed as partial agonists-antagonists.
Ligands with such characteristics have been developed for a number of NRs, such as ERs
(SERM), AR (SARM), and PPARs (SPPARM) [43]. Their mixed agonistic/antagonistic
properties are associated with differential recruitment of co-activators versus co-repressors
and the tissue-selective expression profiles of these co-regulators explain the tissue-
selective effect of the ligand [43-45].

As often in the past, it was the study of estrogen receptors, whose pleiotropy in
terms of ligand recognition has been illustrated above, that has provided the first conceptual
and functional examples along these lines. The “historical” SERMs such as raloxifene and
tamoxifen whose therapeutic effect depends on their anti-estrogenic activities are
prototypical examples [46,47]. In contrast to its effect in breast cancer cells in which it is
anti-estrogenic, in the uterus, tamoxifen is estrogenic. In fact both tamoxifen and raloxifene
induce the recruitment of co-repressors to target gene promoters in mammary cells. In cells
of the uterine endometrium, however, tamoxifen, but not raloxifene, acts like estrogen by
stimulating the recruitment of co-activators to a subset of target genes. The estrogen-like
activity of tamoxifen in the uterus requires a high level of a specific co-activator SRC-1
that is effectively more expressed in uterus than in mammary gland. Thus cell-type- and
promoter-specific differences in co-regulator recruitment determine the cellular response to
SERMs. Indeed over-expression of SRC-1 or of the co-repressors NCoR and SMRT
enhances or represses the partial agonist activity of tamoxifen, respectively. As a result, the
overall balance and relative concentrations of co-activators and co-repressors can determine
the estrogenic activity of tamoxifen. Therefore, cell-type and promoter-specific differences
in co-regulator recruitment determine the cellular response to SNuRMs [19,43].

Originally defined on the estrogen receptor, the SNuRMs concept is now believed
to be true for most if not all nuclear receptors and is thus extremely promising in terms of
drug design since its application should allow defining drugs with much less severe adverse
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effects [4]. Ideally it may even be possible, by applying systematically genome-wide
transcriptional studies to define active molecules that will precisely turn on or off a given
subset of target genes. New technologies such as chromatin immunoprecipitation, coupled
with DNA chips will certainly allow defining more precisely the concept of NR target gene
[48-50]. There is no doubt that exciting discoveries, both at the level of basic and clinical
endocrinology, will come from these new approaches.
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Abstract. Atherosclerotic coronary artery disease is still the leading cause of
mortality in industrialised countries. This is largely related to the current tremendous
increase of the prevalence of obesity, metabolic syndrome and diabetes. Therefore
new strategies have to be developed for stopping such an epidemic situation. Drugs
acting through the nuclear receptor LXR may offer an additional benefit or an
alternative approach to current therapies since LXR receptors modulate not only the
genes controlling the Reverse Cholesterol Transport (RCT) but also genes involved
in pathways which are altered in metabolic diseases.

Originally identified as orphan members of the nuclear receptor
superfamily, Liver X Receptors exist as two isoforms, LXRa and LXRf. Oxysterols
were identified as the putative physiological ligands for the LXRs, and additional
studies have demonstrated that these receptors act as sensors for these cholesterol
metabolites and are essential components of a physiological feedback loop
regulating cholesterol metabolism and transport. LXR pathway may have also an
important role in glucose metabolism since many reports now have shown that
LXR-activation can be protective in genetic diabetes models in rodent, improve
glucose tolerance and facilitate pancreas insulin secretion.

However the usefulness of LXRs as pharmacological targets has been
questioned by the effect of systemic LXR-activation on the expression of hepatic
lipogenic genes directly and via activation of hepatic sterol regulatory element-
binding protein-1C (SREBP-1C) leading to hypertriglyceridemia and hepatic
steatosis. Successful development of LXR-based therapeutics will therefore require
methods to exploit the beneficial aspects of LXR-activation whereas avoiding these
unwanted side effects.

Keywords. LXR receptors, oxysterols, Reverse Cholesterol Transport,
atherosclerosis, macrophage cholesterol efflux, ABCA transporters, SREBP-1C,
lipogenesis, diabetes

Introduction

Atherosclerotic coronary artery disease (CAD) is the leading cause of mortality in
industrialised countries. Despite the discovery in the last two decades of efficient drugs for
the treatment of the multiple cardiovascular risk factors, it is predicted that in the next two
decades CAD will become the leading cause of death worldwide. This is largely related to
the tremendous increase of the prevalence of obesity, metabolic syndrome and diabetes [1].
New therapeutic strategies have to be developed for stopping such an epidemic situation.
Many biological mechanisms are involved in the initiation, progression and
activation of atherosclerotic lesions with one of these being the uptake of oxidised low-
density lipoprotein (LDL) by macrophages present in the fatty streaks/plaques in the arterial
wall. This results in the accumulation of cholesterol esters, leading to the formation of
foam-cells. Other biological processes are triggered, including the recruitment of
inflammatory cells and production of inflammatory mediators. Subsequent activation of
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atherosclerotic plaques can result in rupture of the fibrous cap, exposing the thrombogenic
contents of the plaque core, leading to thrombotic clot formation, myocardial infarction or
cerebral ischemia.

Drugs acting through the nuclear receptor LXR may offer an additional benefit or an
alternative approach to current therapies since LXR receptors modulate not only the genes
controlling the Reverse Cholesterol Transport (RCT) but also genes involved in pathways
which are altered in metabolic diseases [2-5]. It is also hoped that such drug may reverse
plaque progression by effluxing out cholesterol from macrophages. A first demonstration of
a true reversal effect has been provided recently with the use of the ApoAl Milano in an
IVUS study [6]. Whether this could translate into a true curative clinical effect remain to be
demonstrated in clinical studies in the future.

Originally identified as orphan members of the nuclear receptor superfamily, Liver
X Receptors exist as two isoforms, LXRa and LXRP. The two isoforms display distinct
patterns of expression with LXRa being primarily expressed in liver, intestine, and kidney,
whereas LXR is expressed ubiquitously. LXRa and LXR[ heterodimerize with RXR and
control transcription by binding to a direct repeat type 4 LXR response element (LXRE)
located in the promoter of their target genes. Oxysterols were identified as the putative
physiological ligands for the LXRs [7,8], and additional studies have demonstrated that
these receptors act as sensors for these cholesterol metabolites and are essential components
of a physiological feedback loop regulating cholesterol metabolism and transport [3].

More recently Mitro et al [9] have reported that D-glucose and D-glucose-6-
phosphate also binds and stimulates the transcriptional activity of the LXRa.,p receptors.
According Mitro et al [9], glucose would activate LXR at physiological concentrations in
the liver and induces expression of LXR-target genes with efficacy similar to that of
oxysterols, providing an integrated relationship between hepatic glucose metabolism and
fatty acid synthesis. This moreover add to the putative role of LXR in glucose metabolism
itself since many reports now have shown that LXR-activation can be protective in genetic
diabetes models in rodent [10], improve glucose tolerance and facilitate pancreas insulin
secretion [10-11].

However the usefulness of LXRs as pharmacological targets has been questioned by
the effect of systemic LXR-activation on the expression of hepatic lipogenic genes directly
and via activation of hepatic sterol regulatory element-binding protein-1C (SREBP-1C)
leading to hypertriglyceridemia and hepatic steatosis [12,13]. Successful development of
LXR-based therapeutics will therefore require methods to exploit the beneficial aspects of
LXR-activation whereas avoiding these unwanted side effects. This article reviews the
different mechanisms and targets that are affected by LXR ligands and their potential
therapeutic interest in the treatment of metabolic diseases and atherosclerosis.

Role of LXR Receptors in the Cholesterol Metabolism
LXR-agonists Increase Reverse Cholesterol Transport

Reverse Cholesterol Transport (RCT) is the process by which cholesterol is transported
from peripheral tissues and becomes incorporated in high-density lipoproteins (HDL)
which are transported to the liver for metabolism. Cholesterol and biliary salts may be then
either reabsorbed in the intestine or excreted in the feces. Epidemiological studies and
clinical trials have identified that decreased levels of HDL (and elevated levels of LDL) are
pro-atherogenic [14]. The ATP-binding cassette transporter A1 (ABCAL1) is a crucial
component in the process of RCT and has been shown to be modulated by the Liver X
Receptors [12-15]. Activation of LXR in macrophages induces ABCA1 expression and
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stimulates ApoA-I-mediated cholesterol efflux [8]. Consistent with their ability to activate
the reverse cholesterol transport, LXR ligands increase high-density lipoprotein cholesterol
in mice. Patients with Tangiers disease, and the milder heterozygous form, familial
hypoalphalipoproteinemia (FHA), have been shown to possess mutations in the ABCAI
gene. In Tangiers disease this homozygous mutation results in a virtual absence of
circulating HDL cholesterol, and a premature onset of atherosclerosis [15-18]. Therefore,
increasing RCT through modulation of the ABCA1 pathway represents an attractive
potential therapeutic mechanism for the treatment of atherosclerosis. ABCGI, another
member of the ABC transporter family, is also strongly induced by cholesterol loading of
macrophages and was recently identified as a direct target of LXRs in mouse and human
cells. Induction of ABCG1 may provide an additional pathway for cholesterol efflux from
macrophages or may act in concert with ABCA1 [19].

Another mechanism that may contribute to the effect of LXR-activation on reverse
cholesterol transport is the induction of ApoE gene expression in macrophages [20]. It is
moreover well established that ApoE has a protective role in atherogenesis. Loss of
macrophage ApoE leads to increased lesions, whereas over-expression of ApoE in these
cells is protective [21]. The ApoC gene cluster (ApoC-I, ApoC-II, and ApoC-IV) is also
induced by LXRs in macrophages [22].

Indeed Naik et al [23] have reported in mice that administration of a synthetic LXR-
agonist increases the reverse transport of cholesterol from macrophages to feces in vivo.
They showed that mice treated with the synthetic LXR-agonist GW3965 have significantly
higher macrophage-derived 3H-cholesterol in plasma and feces over 48 hours than vehicle-
treated in 3 different mouse models, including wild-type mice and knock-out mice models
of atherosclerosis. LXR has been reported to increase CETP expression in human and
primate cells but mice are lacking the CETP gene. Naik et al [23] also studied the effect of
GW3965 on macrophage RCT in ApoB/CETP double transgenic mice, which exhibit a
human-like lipoprotein distribution. Treatment of the A4poB/CETP double transgenic mice
with GW3965 resulted in a significant increase in macrophage RCT, suggesting that an
LXR-agonist promotes the rate of macrophage RCT in vivo even in the presence of CETP
expression. However, the magnitude of the increase in macrophage RCT with GW3965 was
less than that seen in wild-type.

Recent data [24] suggest that the intestine may play a role in directly excreting
plasma-derived cholesterol into the feces, thus serving as a liver-independent pathway for
RCT. Indeed, an LXR-agonist was shown to increase fecal excretion of neutral sterols
independent of biliary sterol secretion. In this paradigm, treatment with GW3965, by up-
regulating intestinal expression of genes such as ABCGS5/GS8, promoted direct intestinal
transport of HDL 3H-cholesterol into the lumen, thus contributing to the overall increase in
fecal 3H-sterol excretion and macrophage RCT.

Bruhnam et al/ [24] have shown that intestinal-specific deficiency of ABCALI in
mice results in a 30% reduction in plasma HDL cholesterol, indicating that intestinal
ABCAI, in addition to hepatic ABCALI, is crucial for the maintenance of plasma HDL
cholesterol levels. The LXR-agonist GW3965 significantly raised plasma HDL cholesterol
levels in wild-type mice and mice lacking hepatic ABCA1, and this effect was completely
abrogated in mice lacking intestinal ABCAI1, thereby providing proof-of-principle that
activation of intestinal ABCA1 can lead to an increase in HDL levels. This indicates that it
may be possible to design LXR-agonists that activate specific genes in a tissue-specific
manner.
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LXR-agonists Can Protect from Atherosclerosis

Several studies have been reported which indicate that LXR and ABCI gene may be
protective in atherosclerosis. To assess the role of ABCA1 in atherosclerosis, Van Eck et a/
[25] engrafted LDLr"" mice with bone marrow cells from ABCA1 deficient mice or from
wild-type littermates. Absence of ABCA1 from leukocytes in treated mice leads to 60%
increase in atherosclerotic lesion area. In two other studies, over-expression of ABCA1
gene was protective. Singaraja ef al [26] crossed transgenic ApoE”" mice with transgenic
BAC mice who over express human ABCA1 gene (hABCA1-Tg mice). A marked decrease
in the atherosclerotic lesion area was observed in the double transgenic mice compared to
ApoE” littermates. In another study, Van Eck ef al [27] transplanted bone marrow from Tg
BAC mice to LDLr"" mice. After 12 and 15 weeks of Western diet mean atherosclerosis
area was respectively 3 and 2 times smaller compared with control transplanted mice.
Selective loss of macrophage LXR-activity increased atherosclerotic lesion development,
suggesting that LXR functions as endogenous inhibitor of atherogenesis [5]. Anti-
atherosclerotic effects of LXR-agonists were demonstrated in murine models of
atherogenesis, as the ApoE and the LDL receptor knock-out models [28,29]. LDLr” mice
fed with a high-fat diet received T0901317; 3 and 10 mg/kg, during 8 weeks. No influence
on plasma cholesterol was reported but a drastic triglycerides increase occurred during the
first weeks of treatment, while the development of atherosclerosis was inhibited by 57-71%
in comparison with control group. More interestingly, Levin ef al [30] have reported a
reversal of the plaque formation in LDL” mice fed with Western diet. The animals received
Western diet for 8 weeks (baseline atherosclerosis group) and then were fed for 6 weeks
more while they were administered with vehicle or T0901317 daily at 10 mg/kg. In
comparison to vehicle-treated controls treatment resulted in a 70% reduction of lesion area.
Interestingly as in the macrophage, only LXRa protein was detected in the nucleus

of mononuclear cells and foam-cells of human plaque lesions by Watanabe et a/ [31].

LXR-agonists Decrease Inflammatory Process

A large number of studies have shown that inflammation within the arterial wall is a risk
factor for cardiovascular disease and promotes atherogenesis [32]. Besides to inducing
genes involved in reverse cholesterol transport, LXRs repress in vitro also inflammatory
genes after bacterial stimulation LXR would inhibit NFkB activation on promoters of target
genes such as iNOS and IL-6. These effects are reproduced ex vivo in macrophages derived
from wild-type, LXRa”", and LXRB” mice but not in macrophages from LXRap” mice,
indicating that both LXR isoforms possess anti-inflammatory activity. Treatment of murine
peritoneal macrophages with the synthetic LXR-agonists GW3965 or TO 901317 reduces
MMP9 mRNA expression through antagonism of the NFxB signalling pathway and blunts
its induction by pro-inflammatory stimuli including lipopolysaccharide, TNFa., IL-10. This
effect is not observed in macrophages obtained from LXRaof3 null mice [33].

Fowler et al [34] even showed that Liver X Receptor activators display anti-
inflammatory activity in irritant and allergic contact dermatitis models, Liver X Receptor-
specific inhibition of inflammation and primary cytokine production which raise the
question of potential use of LXR-agonists for general inflammatory states.

LXRo and LXRP receptors are present in human CD4-positive T-cells and
activation of LXRs by the synthetic agonist T0901317 reduces Th1 expression of cytokines
as IFNy, TNFo and IL-2 [35]. These data suggest that LXRs, in addition to their
modulatory action on macrophage function, may exhibit direct anti-inflammatory effects in
CD4-positive lymphocytes, potentially contributing to the beneficial effects of LXR-agonist
on lesion development in animal models of arteriosclerosis. The reduction in IFNy
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expression is caused by an inhibition of IFNy promoter activity. IFNy has been shown to
induce the expression of T-cell-specific chemokines from endothelial cells, thus facilitating
the migration of T-cells into the vessel wall. IFNy has been implicated in plaque
destabilization through its capacity to induce the expression of matrix degrading MMPs.
Therefore, a reduction of IFNy release from activated T-cells may contribute to the
beneficial effects of LXR-activator treatment on atherogenesis.

Besides their effects on macrophages and lymphocytes, Blaschke et al [36] have
shown that LXRs are expressed and functional in human vascular smooth muscular cells
(VSMC). LXR ligands suppress mitogen-induced VSMC proliferation and neointima
formation in a model of rat carotid artery balloon injury. The mechanism by which LXR
ligands inhibit VSMC proliferation and cell-cycle progression involves an inhibition of Rb
phosphorylation mediated through an inhibition of Skp2-dependent down-regulation of
p27Kipl. Activation, migration, and proliferation in response to injury play not only a
decisive role for development of atherosclerosis but are also the primary pathophysiologic
mechanism resulting in the failure of procedures used to treat occlusive proliferative
atherosclerotic diseases, such as post-angioplasty restenosis, transplant vasculopathy, and
vein bypass graft failure.

Role of LXR in Glucose Metabolism

A second important metabolic role of LXR is to improve glucose tolerance through
different mechanisms which are reported below.

LXR-agonists Decrease Blood Glucose in Rodents

Several studies have reported an anti-diabetic effect of LXR-agonists in animal model of
diabetes. Cao et a/ [10] have reported an effect of T0901317 after a one week treatment in
db/db mice and ZDF rat. The maximum efficacy in plasma glucose-lowering achieved with
T0901317 was comparable with rosiglitazone. In ZDF rats, plasma glucose levels were
significantly reduced while both plasma and liver triglycerides in db/db and ZDF rat studies
increased. Obese insulin-resistant female Zucker (fa/fa) rats treated for 9 days with
T0901317 revealed a significant improvement in glucose tolerance. The insulin sensitivity
index, calculated as the product of the glucose AUC and the insulin AUC during the oral
glucose tolerance test, was significantly improved in the treated group. Thus T0901317
effectively lowers glucose in diabetic rodents and may improve insulin sensitivity in
insulin-resistant rodents but does not cause hypoglycemia in normal animals.

Laffitte et al [37] have investigated the ability of the synthetic LXR-agonist
GW3965 to influence glucose tolerance in a model of diet-induced obesity and insulin
resistance. C57BL/6 mice were maintained on a high-fat diet for 3 months. The obese mice
were treated for 1 week with either vehicle or 20 mg/kg GW3965. Mice were fasted
overnight, glucose-tolerance tests were performed, and plasma lipid levels were
determined. Treatment with the LXR-agonist significantly improved glucose tolerance in
obese mice. In contrast, GW3965 had a minimal effect on the normal glucose tolerance of
lean C57BL/6 mice maintained on normal chow diet. Fasting glucose and insulin levels
were not different between treated and untreated groups. There was also no statistically
significant difference in free fatty acids or triglyceride levels.
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LXR-agonists Decrease Neoglucogenesis and Increase Fat Synthesis in the Liver

Several reports have provided evidence that LXR ligands exert their anti-diabetic effects at
least in part through suppression of neoglucogenesis. Cao et al [10] found significant
reductions in mRNA levels of two key gluconeogenic enzymes, PEPCK and glucose-6-
phosphatase (G6P), in liver samples from T0901317-treated db/db mice. PEPCK mRNA
levels in T0901317-treated liver samples were reduced dose-dependently and well
correlated with the glucose-lowering effects. They measured lactate-stimulated glucose
output from liver slices derived from ZDF rats treated with either vehicle, T0901317 (10
mg/kg), or T0901317 (30 mg/kg). Compared with either control or a pair-fed group
(matched to T0901317 30 mg/kg), T0901317 at 10 mg/kg inhibited lactate-stimulated
glucose output by 80%, whereas the 30 mg/kg treatment resulted in virtually complete
inhibition of glucose output. These results indicate that the LXR-agonist, T0901317,
improves glucose homeostasis in diabetic rodents, at least in part, through down-regulation
of key enzymes in the hepatic gluconeogenesis pathway. To determine whether the
aforementioned alterations were the result of T0901317 acting directly on hepatocytes, they
treated rat hepatoma Fao cells with either 0.2 nM insulin or 100 nM T0901317 or a
combination of both for 24 h. The mRNA levels of PEPCK, G6P, pyruvate carboxylase,
and fructose 1,6-bisphosphatase decreased dramatically upon either insulin or T0901317
treatment. The combination of both agents did not result in an additive effect. To confirm
their observations, they treated rat hepatoma cells with either T0901317 or another
structurally distinct synthetic LXR-agonist, GW3965, and measured PEPCK mRNA. Both
compounds showed dose-dependent reductions of PEPCK mRNA levels with a good
correlation with their respective described LXR potencies. These authors concluded that the
in vivo regulation of hepatic gluconeogenic genes was a direct action of the LXR-agonist on
the liver. LXR-activation alters liver metabolism in a similar manner to insulin, increasing
lipogenesis and decreasing gluconeogenesis.

Laffitte et al [37] treated for 3 days C57B6 with either vehicle or 20 mg/kg of the
synthetic LXR-agonist GW3965. LXR-agonist treatment altered expression of a number of
genes linked to glucose metabolism. Treatment with GW3965 decreased expression of the
transcriptional co-activator PGC-1, which is a key regulator of gluconeogenesis. This effect
was confirmed in vifro with primary human hepatocytes. Consistent with the decrease in
PGC-1, expression of the gluconeogenic enzymes phosphoenolpyruvate carboxykinase
(PEPCK) and glucose-6-phosphatase were also down-regulated by GW3965. In addition to
these repressive effects, LXR-agonist induced expression of glucokinase mRNA. The
glucokinase gene is positively regulated by insulin, and its expression is an important
determinant of hepatic glucose metabolism leading to the elevation in hepatic glucose
uptake. The mechanism whereby insulin alters gene expression in this tissue is through
transcriptional up-regulation of SREBP-1C [38,39]. Transgenic expression of SREBP-1C
in liver induces the entire program of fatty acid synthesis. Studies have also shown that
adenoviral expression of SREBP-1C in liver induces expression of glucokinase and
represses the expression of gluconeogenic genes such as PEPCK and glucose-6-
phosphatase [40-43]. Thus, many of the effects of insulin on both lipid and glucose
metabolism may be mediated by SREBP-1C. Because SREBP-1C is a direct target of LXR,
it is possible that many of the effects of LXR-agonists in liver are the result of increased
expression of SREBP-1C.

Insulin Increases LXRa mRNA in the Liver

Tobin et al [44] have shown a time- and dose-dependent increase in LXRa steady-state
mRNA level after insulin stimulation of primary rat hepatocytes in culture. A maximal
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induction of 10-fold was obtained when hepatocytes were exposed to 400 nM insulin for 24
h. The induction is dependent on de novo synthesis of proteins. Stabilization studies using
actinomycin D indicated that insulin stimulation increased the half-life of LXRa
transcripts in cultured primary hepatocytes. This effect was confirmed in vivo, rats and mice
injected with insulin had an increase of LXRo mRNA levels. Furthermore, deletion of both
the LXRa and LXRp genes (double knock-out) in mice markedly suppressed insulin-
mediated induction of an entire class of enzymes involved in both fatty acid and cholesterol
metabolism. The mechanisms by which insulin stimulates the transcriptional activity of
LXR are presently unknown. This up-regulation could, at least partly, be the result of
stabilization of the transcripts. LXR mRNA regulation by insulin is dependent on de novo
synthesis of proteins. Further studies of the LXR promoter will be required to understand
the mechanisms of this regulation. Tobin et al [45] have reported a PPARa-dependent fatty
acid up-regulation of LXRa mRNA and protein [45], and PPARa has previously been
shown to be phosphorylated in response to insulin, resulting in stimulation of basal as well
as ligand-dependent transcriptional activity of PPARa [46]. PPARa could therefore be an
upstream factor mediating the insulin effect on LXRa.

Glucose Acts as an Endogenous Activator of LXR Receptors in the Liver

Another piece of the puzzle was reported recently by Mitro et al/ [9] providing an
explanation to this effect of LXR on the liver. They showed that glucose binds and
stimulates the transcriptional activity of the Liver X Receptor (LXR), glucose activates
LXR at physiological concentrations in the liver and induces expression of LXR-target
genes with efficacy similar to that of oxysterols. Glucose and its derivatives stimulated
significantly LXR-RXR activity in HepG2 cells grown in no glucose. D-glucose and D-
glucose-6-phosphate were more potent on LXRf than LXRa (mM range) and were weaker
inducers than known LXR ligands. Using a scintillation proximity assay with
(3H)T0901317 and/or (3H)D-glucose, Mitro et al [9] showed that D-glucose and D-
glucose-6-phosphate are direct agonists of the LXRs that bind more than one site, and can
work in combination with a synthetic ligand. The precise binding mode of glucose awaits
the resolution of a crystal structure. In cells grown in the absence of glucose or in low
glucose conditions, overnight treatment with either compound (1 uM GW3965 or 20mM
D-glucose) stimulated expression of genes involved in fatty acid synthesis and repressed
expression of gluconeogenic genes. They also stimulated genes involved in cholesterol
homeostasis (ABCA1, ABCG5, ABCG8, ABCG1, CETP) that are not insulin-regulated and
whose expression is not associated with glucose levels. The efficacy of known LXR ligands
was potentiated with increasing glucose concentration, indicating that glucose can work
together with established LXR ligands. Induction of LXR-dependent target genes by D-
glucose and other ligands paralleled there co-factor recruitment capacity in a FRET assay
and was blocked in cells transfected with siRNA against LXRa.

Fasted mice were administered with GW3965 or diets where the source of
carbohydrate was exclusively sucrose or D-glucose. All diets were devoid of cholesterol to
minimize endogenous generation of oxysterols. D-glucose and GW3965 induced similar
changes in hepatic gene expression, triggering a pattern expected to limit hepatic glucose
output and increase fatty acid synthesis as previously reported [10,37-39].

According to Mitro et al [9] LXR would function as a glucose sensor in vivo that
responds to increasing liver glucose uptake. To examine the effect of insulin on glucose-
stimulated, LXR-related hepatic gene expression, animals rendered insulin-deficient via
streptozotocin injection were treated by glucose and GW3965 which were still able to
induce expression of LXR-dependent genes, repress gluconeogenesis genes, and up-
regulate fatty acid synthesis genes. Moreover, glucose was also able to induce up-regulation
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of LXR-target genes in the intestine of wild-type and streptozotocin-treated mice,
confirming the role of glucose as a physiological LXR ligand in another tissue that faces
significant glucose influx and in which the role of insulin is not as prominent.

Thus glucose and insulin may produce a concerted increase of lipogenic pathway by
a increase activation and production of LXRa. LXR can sense surplus glucose, induce fatty
acid synthesis, and prompt hepatic export of very-low-density lipoprotein (VLDL).

LXR-agonists Increase in Insulin Secretion in the Pancreas

LXR-activation may normalize plasma glucose levels in diabetic animals via insulin
secretion. Efanov et a/ [11] have shown that human and rodent pancreatic islets express
both LXRa and LXRf isoforms. Non-B-cells expressed significantly higher LXRa levels.
On the contrary, B-cells expressed LXRp isoform in rodent. T0901317 promotes glucose-
dependent insulin secretion and insulin biosynthesis in rat islets and insulin-secreting cells,
whereas islets from LXRP knock-out mice displayed lack of glucose-induced insulin
secretion and increased lipid accumulation. LXRB” mice are glucose intolerant and
develop diabetes, when kept on a high-fat diet, due to impaired insulin secretion [47].
LXRp plays an important role in controlling expression of genes crucial for the B-cell
phenotype. Activation of SREBP-1, the target gene of LXRp in B-cells, is likely the
mechanism for the induction of insulin secretion [48] as well as pancreatic duodenal
homeobox 1 (PDX-1) mRNA levels. PDX-1 is required for pancreas development and is
critical for maintaining the differentiated B-cell phenotype. PDX-1 is a major transactivator
of the insulin gene and mediates glucose-induced up-regulation of insulin expression.
Induction of PDX-1 expression by SREBP-1 may be a way to increase insulin mRNA
observed upon LXRp stimulation. However SREBP-1 can activate the insulin gene
expression by binding sterol regulatory elements on the insulin gene promoter as well as by
serving as co-activator for BETA2/E47 [49]. Interestingly, SREBP-1 and PDX-1 may play
a redundant role in controlling insulin gene expression with SREBP-1 being more
efficacious under conditions of low PDX-1. In addition to these well-established LXR-
target genes, expression of insulin (Ins2), glucokinase and glucose transporter 2 (GLUT2)
was elevated in cells treated with T0901317. SREBP-1 is induced in B-cells by high
glucose treatment and, in turn, activates expression of genes mediating cataplerosis. Mild
SREBP-1 induction by hyperglycemia can be important for up-regulation of insulin
secretion to adapt to the increased demand for insulin. However, long-term and strong
SREBP-1 activation would eventually lead to [-cell toxicity via increased lipid
accumulation [11]. The mechanisms of SREBP-1 induction under hyperglycemia in 3-cells
have not been studied yet. Although it is tempting that glucose itself activates LXR
receptors according to Mitro et al [9] results.

On other hand ABC transporters may also play a pivotal role in the LXR-mediated
effects on pancreas. Mice with specific inactivation of ABCA1 gene in B-cells have
markedly impaired glucose tolerance and defective insulin secretion but normal insulin
sensitivity [50]. Islets isolated from these mice show altered cholesterol homeostasis and
impaired insulin secretion in vitro. The defect in insulin secretion is not due to a reduction
in B-cell mass, suggesting that ABCAI1 is not involved in islet development or in
maintenance of P-cell mass. Rosiglitazone treatment significantly increased ABCALl
expression in the transformed rat B-cell line INS-1. The failure of rosiglitazone to improve
glucose tolerance in ABCA1-Pancr/—Pancr mice suggests that specific activation of p-cell
ABCAI1 and subsequent reduction of islet cholesterol content is an important mechanism by
which rosiglitazone improves glucose tolerance. It remains to be determined whether the
effect of rosiglitazone on ABCAI requires LXR.
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LXR-agonists Increase Glucose Uptake in Adipocytes

LXR is highly expressed in adipose tissue, and its expression increases during adipogenesis
and is regulated by PPARy [37,51], Dalen et al [52] have reported a strong regulation of
the glucotransporter GLUT4 by LXRs. GLUT4 is expressed exclusively in tissues
exhibiting insulin-stimulated glucose uptake, such as muscle, heart, and adipose tissue. The
expression of GLUT4 is reduced in rodent models of insulin deficiency [53] and in adipose
tissue of human obese or type-2 diabetic subjects [54], directly linking adipose expression
of GLUT4 to insulin resistance. Selective ablation of GLUT4 in adipose tissue leads to
decreased whole-body glucose tolerance and insulin responsiveness [55], whereas forced
over-expression enhances systemic glucose clearance and insulin sensitivity [56].
Activation of LXRs in adipose tissue increases basal glucose uptake and incorporation of
TGs into lipid droplets [57]. Dalen et al [52] have reported that the adipose tissue
expression of GLUT4 is directly regulated by both LXRo and LXRB upon ligand
stimulation but that the basal expression of GLUT4 is selectively dependent on the LXRa
isoform. They characterized an LXRE in the GLUT4 promoter of the human and mouse
gene. They showed that GLUT4 expression is induced in vivo by ligand activation of LXRs
after a short period of treatment. Mice treated for a short time with a PPARy activator
and/or a LXR-agonist have their expression of GLUT4 induced 3-4-fold in epididymal
WAT. In muscle, a lower 1.5- and 1.6-fold induction of GLUT4 transcript was observed. In
wild-type mice, the expression of GLUT4 was unchanged by insulin injection alone. In
contrast, the insulin responsive transcription factor SREBP-1, was induced several-fold
suggesting that GLUT4 is not normally transcriptionally regulated by insulin. Still, a
synergistic induction of GLUT4 was observed with combined insulin and T0901317
treatment compared with T0901317 treatment alone. In both LXRo. and LXRB™ mice, the
expression of GLUT4 was induced by T0901317 treatment, with no additional effect of
insulin injections. As expected, T0901317 treatment had no effect on GLUT4 expression in
LXRa™" B mice, demonstrating that regulation by the LXR activator is dependent on the
presence of at least one LXR isoform. The basal GLUT4 expression was slightly lower in
LXRao mice compared with the other animal groups, and the slightly increased GLUT4
expression after insulin treatment was clearly absent in the LXRa mice compared with the
other animal groups. This indicates that the LXRa isoform, but not the LXRp isoform,
plays a unique role for basal and insulin-regulated expression of GLUT4 in epididymal
WAT.

However, the initial induction of GLUT4 expression after 24 h activation of LXRs
seems to be transient and is no longer observed after prolonged treatment (one week) with a
potent LXR activator. This suggests that a mechanism exists that prevents prolonged
induction of GLUT4 through LXR-activation. A similar regulation has also recently been
demonstrated for lipogenic genes as FAS and SREBP-1 in liver, which decline to almost
normal expression levels after prolonged treatment with LXR activators (7 days).
Interestingly, the expression of LXRo and SREBP-1 is similarly regulated during
prolonged treatment with the LXR activator in adipose tissue, directly linking the
expression level of LXRa to the induction level of GLUT4 and SREBP-1 in adipose tissue.

In adipose tissue, treatment with GW3965 [37] led to the induction of SREBP-1C
and ABCAL expression. In contrast to the effects observed in liver, expression of PGC-1 is
not altered in white fat, indicating that the effects of LXR on this gene are tissue-specific.
Interestingly, Laffitte ez al [37] confirmed that LXR-agonist also stimulated expression of
the insulin-sensitive glucose transporter GLUT4 in adipose tissue but had no effect on
expression of GLUTI. In their study, activation of LXR led to a modest increase in
expression of resistin and adiponectin but had no effect on expression of either leptin or
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tumor necrosis factor. The same authors measured glucose uptake in differentiated 3T3-L1
adipocytes. Treatment of the cells with the T0901317 significantly increased basal glucose
uptake. Furthermore, LXR-agonist also increased insulin-stimulated glucose uptake in 3T3-
L1 cells. Parallel samples processed for RNA analysis confirmed increased expression of
GLUT4 mRNA in these cells under assay conditions.

LXRs seem not to play a key role in adipocyte differentiation but activation of
LXRs increases TG accumulation in adipocytes [57], presumably by direct regulation of
lipogenic genes as SREBP-1C and FAS. That correlates well with the finding that LXRs
also regulate GLUT4, since increased glucose uptake through GLUT4 increases the
substrate availability for TG synthesis.

Treatment with anti-diabetic thiazolidinediones (TZD), which are high-affinity
ligands for PPARY, normalizes the reduced adipose expression of both GLUT4 [51] and
LXRa [57]. Since LXRa is a downstream target gene for PPARy [57], the beneficial
normalization of GLUT4 expression by TZD treatment might therefore actually be
mediated through increased expression and activation of LXRa.

In summary LXRa expression is induced by PPARY as a consequence of adipocyte
differentiation and LXRs regulate the lipogenic transcription factor SREBP-1C, lipogenic
enzymes such as FAS and stearoyl-CoA desaturase 1, the insulin-sensitive GLUT4, ApoD
(a member of the lipocalin family of lipid transporters) which some polymorphisms are
linked to diabetes type-2 and Spot 14 (a liver- and adipose-specific protein involved in fatty
acid synthesis and lipogenesis) which has been shown to be both insulin and glucose
responsive, suggesting a role for the regulation of Spot 14 in glucose metabolism [58].

LXR-agonists Affect the Glucocorticoid Pathway in Hepatocytes and Adipocytes

Increased glucocorticoid production induces obesity and type-2 diabetes via activation of
intracellular GR, which mediates glucose intolerance and insulin resistance. Activation of
GR itself also promotes hepatic gluconeogenesis, with an increase expression of
phosphoenolpyruvate carboxykinase (PEPCK) [59]. Similarly, increased hepatic GR
mRNA expression is positively correlated with the induction of insulin resistance, PEPCK
mRNA expression, and hyperglycemia in diabetic db/db mice [60]. Liver specific GR
knock-out mice showed reduced expression of PEPCK mRNA and are resistant to
streptozotocin-induced hyperglycemia [61]. Chronic treatment of db/db mice with the
LXR-agonist T0901317 reverse the induction of hepatic GR expression and attenuate the
diabetic phenotype [62]. Moreover, T0901317-mediated decrease in GR gene expression is
associated with the suppression of PEPCK and G6P mRNA expression thereby reducing
hepatic gluconeogenesis and circulating glucose levels, all of which may contribute to
preventing the development of type-2 diabetes.

11B-hydroxysteroid dehydrogenase type 1 (11B-HSD-1) converts inactive
corticosteroids into biologically active corticosteroids, thereby regulating the local
concentration of active glucocorticoids, such as cortisol. Mice with targeted deletion of
11B-HSD-1 are resistant to obesity- and stress-induced hyperglycemia and show attenuated
hepatic up-regulation of gluconeogenic enzymes on starvation [59]. Moreover,
11B-HSD-1"" mice exhibit an anti-atherogenic lipid profile with elevated levels of HDL
cholesterol together with an improved glucose tolerance and lower glucose levels after
refeeding, pointing to an enhanced hepatic insulin sensitivity.

11B-HSD-1 is particularly expressed in adipocytes and liver and appears to be
causally linked to the development of type-2 diabetes and the metabolic syndrome. In 3T3-
L1 cells and mouse embryonic fibroblasts LXR-agonists decreases mRNA expression of
11B-HSD-1 by 50%, paralleled by a significant decline in 113-HSD-1 enzyme activity [60].
Long-term per os treatment with a synthetic LXR-agonist down-regulated 11B-HSD-1
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mRNA levels by 50% in brown adipose tissue and liver of wild-type but not of LXRo/3
mice and was paralleled by down-regulation of hepatic PEPCK expression [60].

Conclusion and Perpectives

Liver X Receptor (LXR) nuclear receptors modulate cholesterol and glucose metabolism in
rodents and are potential drugs for the treatment of atherosclerosis and diabetes. They
regulate body cholesterol transport at different levels, including absorption, excretion,
catabolism, and cellular efflux. Besides these effects, they have anti-inflammatory activities
which make LXR ligands attractive molecules for prevention and possibly reversion of
atherosclerosis.

However these results have to be interpreted cautiously since the results here
reported are in rodents and differences between species are known that may modify the
pharmacological response to LXR-agonists, as for instance the absence in mice of
cholesteryl ester transfer protein, a known LXR-target gene [63], and the up-regulation in
mice but not humans of cholesterol 7-hydroxylase [64]. GW3965 does not increase HDL
cholesterol in hamsters, and in cynomolgus monkeys but increased LDL cholesterol
[65,66]. These differences underline the necessity to use human cell lines and humanized
transgenic animals to select clinical candidates and to explore LXR-agonists effects in non-
rodent species.

LXR-agonists have anti-diabetic effects in rodent genetic models of diabetes type-2,
improving glucose tolerance and protecting pancreatic f islets. While they essentially
regulate cholesterol transport via the expression of the ATP-binding cassette transporter
gene family, they modulate at least in part genes of the glucose pathway via an induction of
SREBP-1C which itself increases lipogenic enzymes with the risk of triglycerides deposits
in the liver and other organs. It is expected than molecules which dissociate between the
effect on the ABC genes as well as the NFKP pathway and the lipogenic pathway via
SREBP-1C would be useful drugs for the treatment of atherosclerosis. However LXR-
activation of SREBP-1 may be more problematic for their use in diabetes. LXR receptors
seem to act as glucose sensor through a decrease of neoglucogenesis in the liver, an
increase transport of glucose in different tissues and subsequent use in the lipogenic
pathway. This appears similar to some insulin effects and many evidence indicate that
insulin, glucose and LXR ligands activate common mechanisms. It will be more
challenging to develop molecules in diabetes showing an acceptable balance between
glucose improvement and fat deposition although capacity to activate lipogenic metabolism
in the liver and other organs may differ from species to species. It should be also
emphasized that the nature of the fat and reversibility of the process may have importance
in the tolerance of LXR-agonists. Fat deposits are reported to decrease insulin sensitivity
and be part of diabetes development, an effect not seen with LXR-agonists. It appears also
that LXR-agonists have to be considered at least initially as an add-on to existing anti-
diabetic drugs and more should be known of their use in combination with those drugs as
well as the best treatment regimen.

Different strategies may be used to differentiate wanted and unwanted effects of
LXR ligands. Targeting selective LXRp ligand may be interesting since LXRa selective
knock-out but not LXR knock-out mice show reduced plasma triglycerides and hepatic
lipogenic gene expression [67]. However, co-crystal structures of LXR with synthetic and
endogenous agonists reveal complete conservation of the ligand-binding pockets of LXRa
and LXRp [12]. Therefore, the development of LXR selective subtype agents may be
difficult although some ligands have a preference for [ subtype versus a which is not yet
explained but may represent an interesting opportunity to explore. Other option would be to
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select compounds which are partial agonist to prevent recruitment of all pharmacological
effects of full agonists or which exhibit different patterns of co-factor recruitment compared
with non-selective LXR-agonists which may account for their tissue-selectivity as reported
for estrogen nuclear receptor [68,69].
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Abstract. Using a functional genomic approach, we have recently shown that the
orphan nuclear receptors ERRo and y coordinate a broad transcriptional program
controlling energy production and utilization in the heart. In addition, both ERRs
appear to be critical for normal heart function as several of their target genes are
known to be associated with human cardiomyopathies. The ability to regulate the
activity of ERRa and/or ERRy using synthetic ligands suggests the potential for new
therapeutic approaches to prevent and manage cardiovascular diseases.
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Introduction

Nuclear receptors are transcription factors that play critical roles in development,
reproduction and homeostasis through the control of specific gene networks. The
superfamily of nuclear receptors is comprised of both classic and orphan receptors. Classic
receptors bind to and are activated by high-affinity lipophilic ligands whose discoveries
preceded that of the receptors (e.g. estradiol, testosterone, cortisol). On the other hand,
orphan nuclear receptors are receptor-like proteins with no associated ligands at the time of
their discovery [1]. The unexpected identification of these putative receptors suggested that
ligand-based response systems controlling diverse biological functions remained to be
found [2]. This hypothesis was validated by the subsequent identification of retinoic acids,
prostaglandins, bile acids, hydroxycholesterols, fatty acids, phospholipids as well as various
drugs and other xenobiotic agents as orphan nuclear receptor ligands. In addition, genetic
studies in animal models and in human showed that orphan nuclear receptors influence
reproduction, nutrition, carbohydrate and lipid metabolism, energy balance, inflammation
and innate host defense, and have been associated with common diseases such as diabetes,
obesity, atherosclerosis, osteoporosis, Parkinson’s and cancer. Notably, structural and
functional studies showed most orphan receptors to be attractive, “druggable” targets
[reviewed in 3]. The research interest of our laboratory has been centered on the
investigation of the biological roles of a subfamily of orphan nuclear receptors, referred to
as the estrogen-related receptor (ERR). Recent work by us and other groups indicates that
the ERRs may play important roles in metabolic control, fat absorption, mitochondrial
biogenesis, adaptive thermogenesis, cardiovascular disease, osteoporosis and macrophage
function in host resistance. The review will focus on our recent discovery that the ERRs act
as master regulators of cardiac energy production and utilization.
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Figure 1. ERRa acts a conduit for PGC-1a. in the control of energy metabolism.

PGC-1a expression is up-regulated in response to physiological stimuli such as exposure to cold, fasting or
exercise. PGC-1a then binds to and increases the transcriptional activity of ERRa. In a feed forward loop,
ERRa increases it own expression and that of other transcription factors such as PPARa and GABPA (NRF-
2). Together, these factors regulate genes involved in mitochondrial biogenesis and oxidative phosphorylation
(OXPHOS).

1. Cardiac Energetics

In order to stay healthy and function as a dependable pump, the heart must produce enough
ATP to maintain intracellular Ca®" homeostasis for contraction. Indeed, the progression to
heart failure is always accompanied by a gradual reduction in the capacity for ATP-
generation [reviewed in 4,5]. The adult heart utilizes oxidation of both fatty acids (FAs) and
glucose in mitochondria to generate the ATP required for its specialized functions. Because
energy demand and energy substrate availability are constantly changing in response to
environmental cues, the ATP-generating machinery must be able to adapt rapidly and
efficiently to these changes. In particular, the heart must be able to switch between sources
of energy in response to the physiological needs of the individual, and to estimate the
cellular energy status of cardiac cells [6,7]. This metabolic flexibility is mediated by
allosteric controls and post-translation modifications for short-term alterations as well as
changes in the expression of metabolic genes for long-term regulation. Furthermore,
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because ATP-synthesis is tightly matched with demand, coordinated regulation of ATP-
generating and utilization pathways is often observed during development and in response
to physiologic and pathophysiologic changes. Thus, this complex regulatory network
requires the coordinated transcriptional regulation of genes encoding proteins implicated in
FA and glucose uptake, handling of the metabolic intermediates, FA B-oxidation (FAO)
and pyruvate oxidation complexes, as well as the common oxidative pathways of
tricarboxylic acid cycle (TCA), electron transport complex (ETC) and oxidative
phosphorylation (OXPHOS). In addition, the expression of proteins involved in energy
utilization (mitochondrial/cytoplasmic ADP-ATP exchange, phosphate transfer, fuel-
sensing, and ATPases involved in calcium uptake and actomyosin crossbridging) have also
to be regulated in unison. Although several transcription factors have been shown to play
essential roles in heart development and the control of energy metabolism [8-10], none of
these factors have been shown to assimilate the control of energy generation and utilization
in a comprehensive manner.

2. The ERRs and PGC-1 Co-activators: An “Energetic” Relationship

ERRa and  were the first orphan nuclear receptors identified through a search for genes
encoding proteins related to the estrogen receptor (ER) [2]. A third member of the family,
ERRY, was identified a decade later [11-14]. Consequently, initial studies on ERRs focused
on their potential involvement in estrogen signaling [reviewed in 15]. While the ERRs can
indeed function in classic estrogen-responsive systems such as bones and breast cancer
cells [16,17], it now appears that their primary and most essential task is to act as regulators
of energy metabolism. The first evidence that the ERRs could be involved in the control of
energy metabolism consisted in the finding that a consensus binding site for ERRo was
embedded within an essential regulatory element located in the promoter of the medium-
chain acyl-coenzyme A dehydrogenase gene (MCAD, Acadm) [18,19]. This enzyme
catalyzes the initial step of the mitochondrial fatty acid B-oxidation pathway, and its level
of expression helps to determine the metabolic potential of a tissue. The second relevant
observation was the finding that despite their structural homology with the ER, the ERRs
are not activated by estrogens or any other natural compounds. Instead, the transcriptional
activity of the ERRs is dependent on interactions with co-activators, in particular PGC-1a
and PGC-1P3 [20-24]. The functional relationship between the ERRs and PGC-1 co-
activators was of significant interest as these co-activators were known to play essential
roles in mitochondrial biogenesis and gluconeogenesis in the liver [reviewed in 25].
Subsequent studies showed that PGC-la can induce the expression of ERRo when
introduced into cells in culture [23], and we showed that a polymorphic autoregulatory
hormone response element present in the promoter of the gene encoding human ERRa was
responsible for this induction [22,26]. The two genes are indeed co-expressed in tissues
with high energy demands, and are co-induced in a tissue-specific fashion in response to
physiological stresses such as fasting, exposure to cold and exercise [18,23,27-29]. ERRy
and PGC-1p are also highly expressed in mitochondria-rich tissues with high energy needs
such as the heart and brown adipose tissue, and to a lesser extent in skeletal muscle, liver
and white adipose tissue [11,30]. PGC-1f expression is elevated in the liver during fasting
and in response to short-term high-fat feeding of mice [31]. It was also observed that over-
expression of PGC-1a leads to the expression of several genes involved in OXPHOS, and
that the promoters of these genes often contain putative binding sites for ERRa [32,33].
These studies also showed that inhibiting ERRa activity by using an siRNA or the small
inverse agonist XCT790 in cultured cells reduced the ability of PGC-la to induce
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respiration and mitochondrial biogenesis. Similarly, it was shown that expression in HepG2
cells of a modified PGC-1a protein able only to recognize the three ERRs led to an increase
in the expression of OXPHOS genes [34]. These results suggested that the ERRs may
indeed act as the major conduits for PGC-1a and  action in the control of mitochondrial
biogenesis and energy metabolism (Figure 1).

3. Exploring the Role of ERRa and y Using Mouse Genetics
3.1. ERRa, fand y Null Mice

To understand the in vivo function of the ERRs, we and our collaborators generated and
analyzed ERRa (Esrra™), ERRP (Esrrb”) and ERRy (Esrrg'/') null mice. The Esrrb” mice
were studied first, and our phenotypic analysis showed ERRP to be essential for early
placentation and thus are embryonic lethal [35]. Although tetraploid rescue experiments
showed that the Esrb” embryos develop normally and can produce adult animals [35,36],
studies in adult mice have yet to be performed on a large scale for practical reasons. In
contrast, phenotypic analysis of the Esrra”” mice showed them to be viable and fertile with
no gross anatomical alterations, with the exception of reduced body weight and peripheral
fat deposits [37]. The Esrra”™ mice also showed altered expression of genes involved in
lipid metabolism and OXPHOS in several tissues, including white adipose tissue, muscle
and small intestine [37-39]. Although the changes observed in the expression of metabolic
genes in these tissues should, in theory, lead the mice to burn less fat and spend less energy,
the mice are paradoxically lean and resistant to diet-induced obesity [37]. These
observations suggest a more complex and tissue-specific role for ERRa in the control of
energy metabolism in the whole animal, thus requiring more subtle genetic models and
phenotypic analyses. The Esrrg”” mice have been recently produced in the laboratory of
Ron Evans in La Jolla [W. Alaynick, personal communication]. The hearts of ERRy null
mice fail at birth, an event that is coincident with the required increase in cardiac oxidative
capacity and shift from reliance on glucose metabolism to oxidation of fats for energy.

3.2. ERRa Regulates Mitochondrial Biogenesis and Adaptive Thermogenesis

Brown adipose tissue has a very high mitochondrial content and expresses high levels of
ERRa, PGC-1a and PGC-1pB [18,19,29,30]. Brown adipose tissue produces heat and
promotes energy expenditure in response to cold temperatures and subsequent activation of
the sympathetic nervous system. Failure to induce the expression of PGC-1a or uncoupling
protein-1 and/or deficiency in mitochondrial oxidative capacity lead to defective
thermogenesis [40,41]. The role of ERRa in brown adipose tissue mitochondrial biogenesis
and adaptive thermogenesis in vivo was recently investigated [42]. This work showed that
in the absence of ERRa, mice display a reduced mitochondrial mass in brown adipose
tissue and impaired thermogenic capacity in response to cold temperatures, leading to
hypothermia and slower recovery to a normal body temperature. These findings showed
that ERRa is indeed essential for the organism in situations of high energy demand and
suggest that defects in ERRa function could contribute to pathological states caused by
mitochondrial dysfunction.
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4. ERRo. and y Control Cardiac Energetic and Contractile Functions
4.1. ERRa Is Required for Cardiac Adaptation to Pressure Overlaod

As introduced above, the heart is a specialized tissue with constant high energy demands,
and progressive decline in the activity of mitochondrial respiratory pathways leading to
reduced capacity for ATP-production is a feature of cardiac hypertrophy and heart failure
[4]. The vast majority of ATP-generation in the heart is performed in mitochondria via
oxidation of fatty acids and glucose. Also noted above, ERRa expression corresponds to
that of PGC-1a in the heart, and its levels are increased via introduction of PGC-la in
cardiac myocytes [39]. Mainly through classic investigation of candidate genes, the
ERRa/PGC-1a complex was shown to directly regulate genes that encode mitochondrial
enzymes such as MCAD (Acadm), cytochrome c (Cycs), ATP-synthase (A#p5b) and
monoamine oxidase (Maoa) as well as factors controlling mitochondrial biogenesis such as
PPARa (Ppara) and NRF-2 (Gapba), and PDK4 (Pdk4), a kinase directing substrate
utilization [18,19,32,33,39,43,44]. To learn more about the role of ERRa in the heart,
alterations in cardiac energy metabolism in ERRo null mice during pathologic cardiac
remodeling were monitored. In collaboration with Dan Kelly’s group in St-Louis and Janice
Huss at City of Hope, our groups found that the hearts of ERRa null mice subjected to
transverse aortic constriction to induce pressure overload were hypertrophied to a greater
extant than that of wild-type mice, and that phosphocreatine and ATP-levels were
significantly depleted in ERRa null hearts after 3-adrenergic stimulation. It is interesting to
note that a similar phenotype was observed in PGC-1a null mice [45]. Thus, given the fact
that the ERRa null hearts have reduced energetic levels, these results suggest once again
that the ERRa/PGC-1a complex regulates genes involved in energy metabolism.
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Figure 2. Global regulation of cardiac functions by orphan nuclear receptors ERRo and y.
Genome-wide location analysis indicates that ERRa and y regulate a broad genetic program involved in every
aspect of heart function.
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4.2. Location Analysis of ERRa and ERRy Binding in the Mouse Heart

In order to obtain a more accurate and global view of the role of ERRa as a transcription
factor in the heart, as well as to begin an investigation of the role of ERRy in this tissue
where it is also expressed at high levels, we recently used a combination of genome-wide
location analysis (ChIP-on-chip) and expression profiling in normal and ERRo null mouse
heart to identify a network of overlapping targets of both ERRa and y [46]. We found that
ERRa and y, working as non-obligatory heterodimers, bind to a common set of promoters
involved in all aspect of cardiac functions, including uptake of energy substrates,
production and transport of ATP across the mitochondrial membranes, cytosolic fuel-
sensing as well as calcium handling and contractile work. In agreement with the recognized
role of the ERRs in the regulation of mitochondrial functions, a large number of target
genes encode proteins involved in OXPHOS and the tricarboxylic acid cycle. Other ERR
target genes identified proteins playing a role in glucose and fatty acid metabolism such as
PDK4, GLUT12, HK2, H-FABP and LDHB. Other target genes encode proteins involved
in specific muscle function such as calsequestrin, cypher and telethonin, or transcriptional
gene regulation such as p53, retinoic acid receptor o and the co-activators AMY-1 and
SKIIP. Finally, computational prediction made with more than 300 ERR target promoters
supported by functional analyses identified STAT-3 as a transcription factor that
collaborates with the ERRs in the regulation of a subset of genes devoid of recognizable
consensus ERR response elements. Interestingly, Pias3, the gene encoding protein inhibitor
of activated STAT 3 (PIAS3), is also a direct target of ERRa in this tissue, suggesting the
existence of a tightly controlled transcriptional regulatory network [46]. The role of ERRy
in controlling OXPHOS as well as structural genes important for normal newborn heart
function was validated by ChIP-on-chip and standard ChIP experiments performed in our
laboratory.

5. ERR Target Genes Are Linked to Cardiomyopathies

The biological significance of the ERR target genes in the mouse heart is further
exemplified by the knowledge that a large number of these genes have been linked to
specific cardiac phenotypes in various mouse models and/or cardiomyopathies in humans.
Ldbh, Phcl, Rara, Slc25a4, Tcap and Trp53 have all been associated with dilated
cardiomyopathies and other cardiac dysfunctions [47-54] while mutations in Ckm and
Ckmt2 have been linked with left ventricular hypertrophy [55,56].

6. Conclusion

The work described here, using functional genomics and genetically altered mouse models,
highlighted unanticipated biological roles and mechanisms of action for the ERRs in the
heart. More importantly, these results suggest that potential synthetic ERR ligands [57-62],
especially those targeting ERRy, could be used to control myocardial energy levels and
manage associated cardiomyopathies.
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Abstract. Bile acids are the natural agonists for the nuclear receptor Farnesoid X
Receptor (FXR). Studies utilizing natural and synthetic FXR-agonists and FXR null
mice indicate that FXR controls numerous metabolic pathways, including those
involved in bile acid, lipid and glucose homeostasis. In addition, FXR functions to
control bacterial growth in the intestine, gallstone formation, hepatic regeneration
and tumorogenesis. Thus, FXR may represent a novel target for pharmaceutical
intervention that may influence various metabolic disorders or diseases.
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1. Introduction

The mammalian Farnesoid X Receptor (FXRa, NR1H4) was first cloned in 1995 [1,2]. The
finding that the amino-acid sequence is conserved from teleost fish to humans suggests a
common function across many species. FXR is a member of the nuclear receptor (NR)
superfamily that contains 48 human and 49 rodent members. Most NRs are ligand-activated
transcriptional factors that bind to specific DNA sequences (response elements) and
activate transcription of target genes. Some NRs are considered orphans because a ligand
that binds to the ligand-binding domain has yet to be identified, or they may be
constitutively active in the absence of any ligand. A few NRs, for example small
heterodimer partner (SHP; NROB2), do not bind directly to DNA but instead bind to and
alter the activity of other DNA-binding transcription factors [3]. Natural agonists identified
to date tend to be small lipophylic compounds; they include steroid hormones, thyroid
hormone, 1,25-dihydroxyvitamin D3, fatty acids, oxysterols, retinoic acids, phospholipids
and bile acids.

FXRa is expressed at high levels in the liver, intestine, kidney and adrenal gland
[1,2,4,5]. Low levels of FXR are reported in white adipose tissue and heart. However, the
functional significance of the low levels of FXR in these latter two issues is unknown
[4,6,7]. FXR binds to FXR response elements (FXREs) as a heterodimer with Retinoid X
Receptor (RXR, NR2B1). The DNA sequence corresponding to an FXRE usually contains
two copies of a consensus sequence (AGGTCA) arranged as an inverted repeat separated
by one nucleotide (IR1), an everted repeat separated by 8 nucleotides (ER8) or a direct
repeat separated by four nucleotides (DR4) [8,9]. FXREs have been identified in the
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proximal promoters of target genes, many kilo-base pairs from the transcriptional start site
and in intronic regions. In rare cases FXR has been shown to bind to DNA as a monomer
[10].

The readers are referred to the many excellent recent reviews on FXR and/or bile
acid metabolism [8-13].

2. FXR-agonists

The original natural agonist for FXR was thought to be the 15 carbon isoprenoid alcohol,
farnesol (hence the name FXR) [1]. However farnesol is a very weak agonist for FXR. A
key breakthrough came in 1999 when bile acids were shown to bind to FXR and to be far
more potent agonists at physiological concentrations [14-16]. Active bile acids include
chenodeoxycholic acid (CDCA), lithocholic acid (LCA), deoxycholic acid (DCA) and
cholic acid (CA) (Figure 1). Although androsterone, an intermediate in steroid biosynthesis,
has been shown to function as a weak FXR-agonist, it is unclear whether such activation is
of physiological importance [17].

Studies over the last few years have shown that bile acids not only activate FXR,
but also activate the pregnane X receptor (PXR), vitamin D receptor (VDR) and the
constitutive androstane receptor (CAR) [12] (Figure 1). In addition, bile acids regulate c-
Jun N-terminal kinase (JNK) cascade and the mitogen-activated protein kinase pathway,
independent of nuclear receptor activation. More recent studies have shown that bile acids
also activate a G-protein coupled receptor Gpbar (G-protein bile acid activated
receptor)/ TGRS that is expressed on the cell surface of many tissues including brown
adipose tissue and the gall bladder (Figure 1) [18]. Thus, bile acids are capable of activating
numerous signaling pathways (reviewed in [12]).

Because bile acids activate so many NRs it was important to identify FXR-specific
agonists to allow facile separation of FXR-dependent and FXR-independent pathways; such
agonists include GW4064 [19], fexaramine [20], AGN34 [21] and 6a-ethyl-
chenodeoxycholic acid (6-ECDCA) [22] (Figure 1). In addition, the generation of FXR-
deficient mice [23] has allowed investigators to distinguish between FXR-dependent and
-independent pathways.

A. FXR Agonlists/modulators

Endogenous/natural Synthetic
Bile acids (CDCA, CA) ‘ GW4064
Androsterone (weak) 6-ECDCA
Guggulsterone Fexaramine
AGN34

]

T (]
FXR‘ PXR‘ \ A
B (TGRS5)

Figure 1. FXR-agonists and modulators. A) Endogenous/natural and synthetic FXR-agonists are shown.
B) Bile acids can activate both nuclear receptors (FXR, PXR, CAR and VDR) and a G-protein coupled
receptor (Gpbar, TGRS).
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3. FXR and the Regulation of Bile Acid Metabolism

The liver is the sole site of catabolism of cholesterol to bile acids (Figure 2). For decades
the sole function of bile acids was thought to be the dispersion of lipids in the intestinal
lumen in order to facilitate enzymatic digestion of dietary lipids, a process that precedes
lipid absorption. It has also been known for decades that approximately 95% of the bile
acids secreted into the intestine are actively reabsorbed in the distal ileum and returned to
the liver in a process termed the enterohepatic circulation. Importantly, 5% of the bile acids
are excreted and this accounts for the major loss of sterols from the body each day.

Studies in the last few years have demonstrated that nearly every step in the
enterohepatic circulation is regulated by FXR (Figure 2). For example, cholesterol 7a-
hydroxylase (CYP7Al), the rate-limiting enzyme in the classic pathway of bile acid
synthesis [11], is repressed by bile acids returning to the liver from the intestine. It is now
known that this repression results from multiple mechanisms. One mechanism involves
FXR-dependent activation of the gene encoding the nuclear receptor SHP. Increased
hepatic expression of SHP protein results in inactivation of liver receptor homolog 1 (LRH-
1, NR5A2) as a result of interaction of SHP with LRH-1. Importantly, LRH-1 functions as
a positive transcription factor that is necessary for Cyp7al expression. Hence, CYP7A1
activity is repressed when SHP binds to and inactivates LRH-1 [24,25].

Activation of intestinal FXR by bile acids results in increased synthesis and
secretion of murine fibroblast growth factor 15 (mouse FGF15/human FGF19). This growth
factor has been shown to bind to the receptor, FGFR4, localized on the hepatocyte plasma
membrane; the result is activation of the INK pathway and repression of Cyp7al expression
[26]. Bile acids have also been shown to repress Cyp7al via direct activation of the JNK
pathway [27]. Thus, the regulation of Cyp7al expression and the control of bile acid
synthesis are complex and involve multiple levels of control, some of which involve FXR.

Once synthesized in the hepatocyte, bile acids are conjugated to taurine or glycine
prior to their being pumped across the canalicular membrane by ABC transporters such as
Bsep and Mdr2 (reviewed in [9,12]). The conjugating enzymes and the ABC transporters
are regulated by FXR. Bile contains conjugated bile acids, phospholipids, cholesterol and
relatively small amounts of proteins. Contraction of the gall bladder in response to food in
the intestine expels the bile into the duodenum where it facilitates lipid digestion.
Interestingly the subsequent relaxation and refilling of the gall bladder with bile is defective
in Fgf15”" mice [28]. In these latter mice the gall bladder remains unfilled, consistent with
a crucial role for Figf15 [28]. However, the role of FXR in this process remains to be
established as Fxr”'~ mice appear to have normal sized gall bladders (unpublished data). It
is possible that the levels of Figf15 protein in the Fxr”™ mice are sufficient to allow normal
or near normal relaxation and refilling of the gall bladder.

As stated above, 95% of the bile acids are reabsorbed from the intestinal lumen as
part of the enterohepatic circulation. The apical sodium-dependent bile acid transporter
(ASBT) involved in bile acid uptake into the enterocyte, the intestinal bile acid binding
protein (IBABP) involved in transport across the enterocyte, and the organic solute
transporter (OST)-a and OST-f that heterodimerize and pump bile acids out of the
enterocyte and into the portal blood, are all FXR-target genes [12] (Figure 2).
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Figure 2. Multiple functions of FXR. High levels of FXR are expressed in the liver, small intestine, adrenal
glands and kidney. FXR is also expressed at a low level in the white adipose tissue (WAT). The known
functions of FXR in these tissues are shown.

One common imbalance in the enterohepatic circulation occurs when cholesterol
begins to precipitate out in the gall bladder. Such a process occurs in millions of Americans
and results in the formation of gall stones. Such cholesterol gall stones may become both
large and painful. Gall stones are thought to form because of inappropriate solubilization of
cholesterol by bile acids and phospholipids and/or from poor gall bladder motility. Recent
studies demonstrated that gallstone-susceptible C57L mice had reduced gallstone formation
following treatment of the mice with the FXR-agonist GW4064 [29]. It was proposed that
such protection may result from increased transport of bile acids from the liver into bile as a
result of FXR-dependent induction of the ABC transporters Bsep and Mdr2 [29]. These
data, together with evidence showing that FXR/FGF15 affects gall bladder filling suggests
that FXR-agonists may be useful in regulating gall stone formation [28,29]. In summary,
FXR is an important bile acid sensor that responds to changes in concentrations of bile
acids by regulating many aspects of bile acid metabolism.

4. FXR and Plasma Cholesterol and Triglyceride Metabolism

In the early 1970s patients with gall stones were treated orally with bile acids in an attempt
to slowly solubilize, and thus dissipate, the cholesterol-rich gall stones. This approach was
based on the hypothesis that increasing the bile acid pool size would be beneficial. Indeed,
this approach, although no longer in general use, had some clinical success in the treatment
of gall stone disease. An interesting observation made at the time concerned the decline in
levels of both plasma triglycerides and HDL in patients treated orally with bile acids
(reviewed in [30]). The reason for these changes in plasma lipids was unknown.
Interestingly, when the bile acid pool size was decreased, as a result either of treatment with
bile acid sequestrants or following ileal surgery, plasma triglycerides and HDL levels
increased (reviewed in [30]).

Studies with Fx7”~ mice, or following activation of FXR with bile acids or more
specific FXR-agonists have revealed that these changes in plasma lipids, originally noted in
humans, are a result of changes in gene expression that follow FXR-activation. These latter
studies in rodents have shown that activation of hepatic FXR results in repression of
SREBP-1C and that this repression likely accounts for the decline in fatty acid and
triglyceride synthesis [31,32]. In addition, activation of FXR results in increased hepatic
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expression of the VLDL receptor and syndecan-1 that are involved in lipoprotein clearance,
and in altered expression of proteins (ApoC-II, ApoC-III and ANGPTL3) that are known to
modulate the activity of lipoprotein lipase (reviewed in [12]). The result of these changes in
gene expression is a decrease in plasma triglycerides.

5. FXR and Glucose Metabolism

In addition to its role in regulating plasma lipids, recent studies have shown that FXR
controls glucose homeostasis. Importantly, plasma glucose levels decline and insulin
sensitivity increases when mice are treated with FXR-agonists, such as bile acids or
GW4064, or when mice are infected with adenovirus that express a constitutively active
form of FXR (FXR-VP16) [6,33,34]. Since adenoviral infection results in expression of
FXR-VP16 only in the liver of the recipient mice, we have proposed that the hypoglycemic
effects arise from activation of hepatic FXR [33]. The finding that the most profound
hypoglycemic (and hypolipidemic) changes are observed following FXR-activation in
diabetic mouse models (db/db, KK-A(y)) would appear to be significant. Whether such
changes will prove to be of clinical importance remains to be determined.

FXR-activation in diabetic mice results in decreased hepatic phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase (G6Pase) activity and to increased
activity of glycogen synthase; the result is decreased gluconeogenesis and increased
glycogen synthesis [33]. Activation of FXR in diabetic mice also improves insulin
sensitivity in the liver [33]. Whether FXR-activation also affects insulin sensitivity in the
muscle or white adipose tissue is unknown at this time.

Consistent with the hypoglycemic effects noted following FXR-activation, studies
with Fxr”~ mice have shown that these mice exhibit i) reduced hepatic glycogen levels
[35], ii) peripheral insulin resistance[6,34], iii) impaired glucose tolerance and insulin
sensitivity [6,33,34] and iv) defective insulin signaling in the liver [34], and muscle [6,34].
It is not known whether the increased plasma free fatty acid levels of Fx»~'~ mice contribute
to these many phenotypes. Nonetheless, the current data suggest that FXR-activation may
prove to be useful in the treatment of type-2 diabetes.

6. Additional Roles of FXR

The roles of FXR in atherosclerosis, in controlling bacterial growth in the intestine, in
hepatic regeneration or hepatic tumor growth have all been recently described. Such topics
are beyond the scope of this chapter. The interested readers are referred to the many
reviews, some cited in the introduction to this chapter, for additional information.

7. Bile Acids and Gpbar

Recent studies have shown that administration of cholic acid-enriched diets to wild-type
mice results in resistance to diet-induced obesity [18]. It has been proposed that this effect
may be dependent upon the activation of a G-protein coupled receptor (Gpbar; TGRS) that
is localized to the plasma membrane of numerous tissues including brown adipose tissue
[18]. Activation of Gpbar in vitro by bile acids resulted in increased levels of cAMP in
brown adipose tissue and increased expression of uncoupling proteins [18]. More recently it
was reported that female, but not male, Gpbar”~ mice exhibit increased obesity following
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administration of a high-fat diet [36]. Whether this effect is dependent upon changes in
plasma bile acids remains to be established.

Interestingly, Fxr~”~ mice show small but significant increases in the plasma levels
of bile acids [23] and exhibit resistance to diet-induced obesity (unpublished data). It will
be of interest to determine whether such resistance to obesity is dependent upon bile acid
activation of Gpbar or to some as yet unknown mechanism. In another study, particularly
high levels of Gpbar mRNAs were detected in the gall bladder [37]. Based on the finding
that Gpbar™™ mice were resistant to gall stone formation, a process that normally follows
administration of a cholic-acid containing diet, the investigators concluded that Gpbar plays
an important role in controlling gall stone formation [37]. Thus, bile acids function as
critical agonists not only for the NRs FXR, PXR, CAR and VDR but also for a G-protein
coupled receptor that affects gall stone formation and obesity. Clearly, the role of bile acids
in controlling metabolic processes remains an area of particular interest, especially as the
general population shows evidence of increasing levels of obesity and diabetes.

8. Conclusion

During the last 8 years our understanding of the function of bile acids has taken a radical
new direction; it is now clear that bile acids function not only to facilitate lipid absorption
but also are bona fide hormones that affect FXR and a number of other nuclear receptors, in
addition to activating a G-protein coupled receptor, Gpbar. Such activations affect critical
signaling pathways that in turn affect a variety of metabolic processes. Based on these
findings, it seems possible that FXR-agonists may prove clinically useful to treat a number
of metabolic disorders. However, the aim will be to identify synthetic modulators of FXR
that provide sufficient specificity without regulating the many pathways affected by bile
acids.
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Abstract. PPARs are important regulators of lipid and glucose metabolism. Clinical
trials assessing the efficacy of fibrates and thiazolidinediones in the treatment of
dyslipidemia and insulin resistance and recent genetic studies evaluating the impact
of genetic variation in genes encoding PPARs on prediabetic phenotypes, such as
insulin resistance, B-cell dysfunction, subclinical inflammation, and ectopic lipid
deposition, revealed the importance of these nuclear hormone receptors in human
metabolic disease. These findings as well as novel aspects of the role of PPARs in
human metabolism are summarized herein.

Keywords. Single nucleotide polymorphism, insulin sensitivity, insulin secretion,
dyslipidemia, inflammation, metabolic disease

1. Cellular and Metabolic Functions of PPARs

The nuclear hormone receptors of the peroxisome proliferator-activated receptor (PPAR)
family are important ligand-dependent transcriptional regulators of metabolic pathways.
Upon ligand-binding, PPARs adopt an active conformation and heterodimerize with
Retinoid X Receptors (RXR). These complexes bind to specific DNA sequences within
gene enhancer structures, so-called PPAR response elements (PPREs). Via recruitment of
co-activator proteins, PPAR-RXR complexes transactivate target gene promoters. Three
PPAR isoforms encoded by distinct genes are present in the human genome: PPARa
(NRICI; gene: PPARA,; chromosome 22ql2-q13.1)
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=02932, PPARy (NRIC3; gene:
PPARG; chromosome 3p25), and PPARS (NR1C2; gene: PPARD; chromosome 6p21.2).
PPARGa is nearly ubiquitously expressed with highest expression levels in tissues of
high fatty acid oxidative capacity, such as brown adipose tissue, liver, kidney, heart and
skeletal muscle. Natural ligands of PPARa are long-chain (>C18) unsaturated fatty acids
and arachidonic acid derivatives, such as 8(S)-hydroxyeicosatetraenoic acid and leukotriene
B4 [1], oxidized phospholipids derived from oxidized-low-density lipoproteins (LDL) [2],
and oleylethanolamide [3]. Among the pharmacological PPARo agonists, the fibrate class
of drugs, including fenofibrate, bezafibrate, and gemfibrozil, achieved clinical relevance in
the treatment of hypertriglyceridemia (for review, see [4]). The metabolic function of
PPARa was most extensively assessed in the liver where this receptor revealed an
important role in the cellular response to fasting [5]. Upon activation in the fasting state,
PPARa mediates fatty acid oxidation, gluconeogenesis, ketone body and high-density
lipoprotein (HDL) formation [5-8]. Moreover, PPARa activation not only reduces
circulating triglycerides and elevates plasma HDL levels [4], but also counteracts ectopic
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lipid deposition in liver and muscle, obesity, and insulin resistance [9-11]. Consistent with
its physiological effects, PPARa activation was shown to induce genes involved in
hepatocellular fatty acid uptake, intracellular fatty acid binding, mitochondrial,
peroxisomal, and microsomal fatty acid oxidation, and lipoprotein metabolism (for review,
see [12]).

PPARYy exists in two isoforms, PPARyl and PPARYy2, which arise from alternative
promoter usage and differ at their NH,-terminus. PPARY2 is predominantly expressed in
adipose tissue, whereas PPARy1 displays a broader distribution with detectable levels in
adipose tissue, gut, brain, vasculature, immune cells, retina, kidney, liver, and skeletal
muscle. Both isoforms are similarly activated and functionally undistinguishable. Among
the naturally occuring ligands, 15-deoxy-A'*"*-prostaglandin J2 [13] and the prostaglandins
H1 and H2 [13,14] represent the most potent PPARy activators. The thiazolidinediones
(TZDs) rosiglitazone and pioglitazone, which are clinically used as insulin sensitizers in the
treatment of type-2 diabetes, act as high-affinity pharmacological PPARy agonists (for
review, see [15]). PPARy represents a master regulator of adipogenesis and lipogenesis, and
its activation drives the expression of genes involved in adipocellular fatty acid uptake,
intracellular fatty acid binding, and fatty acid synthesis, and modulates the expression of
adipocyte-derived hormones (adipokines) [16,17]. The effect of PPARy activation on
insulin sensitivity is far from being molecularly clarified, but is currently suggested to be
due to de movo formation of small insulin-sensitive adipocytes at the expense of
hypertrophic insulin-resistant adipocytes [18,19] and induction of adiponectin, an insulin-
sensitizing adipokine [15,20,21].

PPARS is considered to be ubiquitously expressed and is activated by long-chain
(>C18) unsaturated fatty acids. GW501516 and L165041 represent PPARS-selective
synthetic ligands available for laboratory use only [22,23], and no pharmacological PPARS
agonists are currently in clinical use. PPARS’s cellular functions are up to now best studied
in skeletal muscle where PPARS activation induces the expression of structural genes
encoding type I myofibre components and genes involved in fatty acid oxidation,
mitochondrial respiration, and adaptive thermogenesis [24-27]. Physiologically, PPARS
activation was shown to promote a fibre type switch from white glycolytic to red oxidative
myofibres, to stimulate mitochondriogenesis, and to counteract obesity and insulin
resistance [24,25,28,29].

2. The Role of PPARs in Human Metabolic Disease: Results from Clinical Studies

Several clinical trials, such as the Helsinki Heart Study, the Veterans Affairs High-density
lipoprotein Intervention Trial (VA-HIT), the Diabetes Atherosclerosis Intervention Study
(DAIS), the Bezafibrate Infarction Prevention (BIP) trial, and the Fenofibrate Intervention
and Event Lowering in Diabetes (FIELD) study, were conducted to test fibrates for the
treatment of hypertriglyceridemia and low HDL levels in obese, insulin-resistant, and type-
2 diabetic patients, and most of these studies revealed a good efficacy of the PPARa
agonists in the treatment of these pro-atherogenic blood parameters (for review, see [30]).
Thus, the clinical evidences for metabolic effects of PPARa activation clearly confirm the
results derived from in vitro and mouse studies. As to the end point cardiovascular disease
however, the results of the trials are inconsistent [31]. Therefore, a meta-analysis was
recently performed to evaluate the role of fibrates in the prevention of cardiovascular events
and revealed that long-term use of fibrates significantly reduces the occurrence of non-fatal
myocardial infarction, but has no significant effect on other adverse cardiovascular
outcomes [32].
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With regard to TZDs, a plethora of clinical studies including large clinical trials,
such as A Diabetes Outcome Progression Trial (ADOPT) and the Diabetes REduction
Assessment with ramipril and rosiglitazone Medication (DREAM), consistently document
the insulin-sensitizing and anti-hyperglycemic effects of the PPARy agonists in prediabetic
and type-2 diabetic patients (for review, see [33]). An important aspect of these TZD
actions is elevation of plasma adiponectin levels [21,34-36] which closely reflects the
laboratory findings on the role of PPARy in the regulation of the adiponectin gene.
Furthermore, TZDs are suggested to improve f-cell survival and function (reviewed in
[37]) and to ameliorate several risk factors for cardiovascular disease, as derived from the
PROspective pioglitAzone Clinical Trial In macroVascular Events (PROactive) trial [38]
and the Carotid Intima-media Thickness in Atherosclerosis using Pioglitazone (CHICAGO)
trial [39]. However, one major drawback for a more common use of TZDs in practice is the
frequently reported increase in body weight that clearly represents a class effect of TZDs
[40] and is in line with the well-documented adipogenic and lipogenic functions of PPARYy.

No clinical trail on the role of PPARS in metabolic disease is reported due to the
lack of PPARS agonists available for clinical use.

3. Impact of the PPARG Gene on Prediabetic Phenotypes

It is generally agreed that obesity, type-2 diabetes, and the metabolic syndrome are
metabolic disorders caused by environmental factors (e.g. high-caloric diets), behaviour
(sedentary lifestyle), and a polygenic background. To identify the responsible genes and
gene variants, candidate gene approaches, positional cloning efforts, and, very recently,
genome-wide association studies were undertaken. Initiated by the plenty of metabolic in
vitro and in vivo data on PPARyY, the PPARG gene was among the first candidate genes for
obesity and type-2 diabetes. Two PPARG single nucleotide polymorphisms (SNPs)
common in Caucasians (minor allele frequency, MAF >0.1) were identified in the late
1990s: a missense mutation leading to a Prol2Ala amino-acid exchange in the PPARy2
protein (dbSNP identifier: rs1801282) and a silent +1431C—T mutation in the coding exon
6 (dbSNP identifier: rs3856806) [41] which are in ~70 % linkage disequilibrium. Cross-
sectional studies revealed association of both SNPs’ minor alleles with higher body mass
index (BMI) [42-44] and increased insulin sensitivity, particularly in obese subjects [45-
47]. Interestingly, the Ala allele of the Prol2Ala mutation, which displays lower
transcriptional activity [48], was demonstrated to associate with lower plasma free fatty
acid levels [49] due to enhanced insulin sensitivity of adipose tissue lipolysis [50-52], to
associate with elevated hepatic insulin clearance [49], to allow better suppression of lipid
oxidation [53], and to confer increased susceptibility towards the negative effects of fatty
acids on the 2™-phase of glucose-stimulated insulin secretion and on arginine-stimulated
insulin secretion [54].

Even though cross-sectional studies turned out to be appropriate to detect prominent
metabolic effects of genetic variants, small but yet clinically meaningful SNP effects can
remain undetected. Intervention studies represent a more suitable approach to capture even
small SNP effects on intervention-induced changes in metabolic traits. The TUebingen
Lifestyle Intervention Program (TULIP) is an ongoing controlled dietary and exercise
intervention study designed to unravel the genetic causes of prediabetic phenotypes, such as
insulin resistance, B-cell dysfunction, subclinical inflammation, and ectopic lipid
deposition, in thoroughly phenotyped subjects at an increased risk for type-2 diabetes (risk
factors: overweight, family history of diabetes, history of gestational diabetes). The success
of this lifestyle intervention was recently documented [55-58]. In this cohort, we observed
that carriers of the Ala allele of PPARG Prol12Ala display significantly more pronounced
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intervention-induced decrements in plasma C-reactive protein levels and substantially
higher increments in flow-mediated vasodilation, a measure of endothelial function (Figure
1 and [59]). These findings support the suggestion that the Ala allele may also confer a
reduced risk of atherosclerosis to the SNP carriers [60,61].
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Figure 1. Changes in flow-mediated vasodilation (FMD, A) and plasma C-reactive protein levels (CRP, B)
during lifestyle intervention in individuals carrying the PPARG Pro/Pro and X/Ala genotype (from [59]).

Finally, the importance of PPARG as a type-2 diabetes candidate gene was
evidenced in case-control studies (for meta-analysis, see [62]) as well as in prospective
studies [63,64] and was confirmed in recent genome-wide association studies [65-67].

4. Impact of the PPARD Gene on Prediabetic Phenotypes

The PPARD gene joined the field of metabolic research in 2003, when it was reported that
the minor allele of the common SNP +294T—C in the 5’-untranslated region (dbSNP
identifier: rs2016520) associates with higher plasma LDL as well as lower HDL cholesterol
levels [68-70] and, in addition, with an increased risk of coronary heart disease [71]. More
recently, this SNP was found to confer a lower BMI to the SNP carriers [72]. Furthermore,
two common SNPs located within a linkage block encompassing exons 7-11, namely the
silent mutation rs2076167 in exon 7 and SNP rs1053049 in the 3’-untranslated region, as
well as the less frequent intronic SNP rs6902123 (MAF ~0.07) were identified that were
associated with significantly increased whole-body glucose uptake due to elevated skeletal
muscle, but not adipose tissue, glucose uptake [73]. In the TULIP study, carriers of the
minor G allele of another SNP, i.e. the intronic SNP rs2267668, which is in close linkage
disequilibrium with SNP +294T—C, revealed lower intervention-induced increments in
insulin sensitivity and aerobic physical fitness resulting from reduced myocellular
mitochondrial function (Figure 2 and [56]). The latter findings are in keeping with results
from the HEalth, RIsk factors, exercise Training And GEnetics (HERITAGE) family study
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demonstrating an association of SNP +294T—C with reduced physical performance during
endurance training [74].

Even though the aforementioned reports confirm PPARS’s importance for human
muscle metabolism, the metabolic role of PPARS is probably not limited to skeletal muscle.
More recent data from the TULIP study provide evidence that SNP rs1053049 in the 3’-
untranslated region and the intronic SNP rs6902123 impair not only the intervention-
induced increment in muscle volume but also the intervention-induced decrements in
adiposity and hepatic lipid content (C. Thamer et al, J. Clin. Endocrinol. Metab.,
manuscript submitted for publication). These observations point to PPARJ-dependent
metabolic and/or humoral cross-talk pathways linking skeletal muscle, presumably the
primary site of PPARS action, with adipose tissue and liver.

fold-change in max. aerobic capacity

Figure 2. Changes in maximum aerobic capacity during lifestyle intervention in individuals carrying the
PPARD SNP 152267668 (from [56]).

Up to now, only in one cohort, i.e. the Study to Prevent Non-Insulin-Dependent
Diabetes Mellitus (STOP-NIDDM), the question was addressed whether genetic variation
within the PPARD gene contributes to the risk of type-2 diabetes, and SNP rs6902123 was
found to increase the risk of type-2 diabetes 2.7-fold in women, but not in men [75].

5. Novel Aspects of PPARS Action: Mediation of Humoral Cross-talk between Muscle
and Adipose Tissue

The supposed PPARSJ-dependent cross-talk mechanisms are thought to include altered
substrate fluxes due to PPARS’s potent lipid-burning properties in muscle and/or altered
expression of muscle-derived secretory factors (myokines). Myokines represent a rather
novel field of research initiated by the characterization of muscle-derived interleukin 6 as a
systemically acting exercise factor (for review, see [76]). Our group recently identified
ANGPTL4 as the gene most responsive to non-esterified long-chain fatty acids in human
skeletal muscle cells, and this gene induction was found to be mediated by PPARS
activation (H. Staiger et al, Diabetes, manuscript submitted for publication).
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ANGPTL4 encodes angiopoietin-like protein 4 (ANGPTL4), a secreted protein
which was previously shown in mice to be predominantly produced by adipose tissue and
liver and to affect lipid metabolism in two ways: (i) via inhibition of lipoprotein lipase,
ANGPTL4 inhibits the clearance of very-low-density lipoproteins (VLDL) and
chylomicrons thus provoking hypertriglyceridemia [77-81]; and (ii) via induction of
adipose triglyceride lipase, ANGPTL4 stimulates adipose tissue lipolysis [82] and elevates
plasma glycerol and non-esterified fatty acid levels [77,82]. Besides hyperlipidemia,
ANGPTL4 promotes adipose tissue weight loss and hepatic steatosis [79,82]. In humans,
we demonstrated, in a translational setting, that muscle cell ANGPTL4 expression in vitro
reflects adipose tissue lipolysis of the donors in vivo, and this finding prompted us to
establish the hypothesis that PPARS activation in skeletal muscle via ANGPTL4
production constitutes a humoral muscle - adipose tissue axis (Figure 3 and H. Staiger ef al,
Diabetes, manuscript submitted for publication).

glycerol

adipose tissue
NEFA .& w

skeletal muscle

Figure 3. Hypothetical role of PPARS-mediated muscle ANGPTL4 secretion. In states of increased muscle
PPARS activity, such as fasting and exercise, skeletal muscle secretes ANGPTL4. Simultaneously, muscular
fatty acid oxidation is increased by PPARS-dependent induction of B-oxidative enzymes. Via the circulation,
ANGPTL4 enhances adipose tissue lipolysis and thus ensures ongoing fuel supply of the stressed muscle.
Together with ANGPTLA4’s suggested inhibitory effect on lipoprotein lipase, this mechanism is expected to
provoke loss of adipose tissue mass (from H. Staiger et al, Diabetes, submitted).

6. Concluding Remarks

There is currently no doubt that PPARs represent important regulators of human lipid and
glucose metabolism. In particular, it is the PPARG gene that turned out to be a relevant
type-2 diabetes candidate gene. The recent findings on the metabolic functions of PPARS
open new and promising directions in the field of hormone, diabetes, and atherosclerosis
research. However, PPARs are subject to a very complex molecular regulation by ligand-
binding, heterodimerization with RXR isoforms, and recruitment of diverse co-repressor
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and co-activator proteins. Therefore, much is still to be learned about the molecular biology
and physiology of PPARs in order to estimate all their functions in human metabolism and
beyond and in order to develop safe and highly specific pharmacological drugs for the
therapy of metabolic diseases.
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Reverse Cholesterol Transport
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Abstract. The liver is considered the major “control center” for maintenance of whole-
body cholesterol homeostasis. This organ is the main site for de novo cholesterol
synthesis, clearing cholesterol-containing chylomicron remnants and low-density
lipoprotein (LDL) particles from plasma and is the major contributor to high-density
lipoprotein (HDL) formation. The liver has a central position in the classical definition
of the reverse cholesterol transport pathway by taking up periphery-derived cholesterol
from lipoprotein particles followed by conversion into bile acids or its direct secretion
into bile for eventual removal via the feces. During the past couple of years, however,
an additional important role of the intestine in maintenance of cholesterol homeostasis
and regulation of plasma cholesterol levels has become apparent. Firstly, molecular
mechanisms of cholesterol absorption have been elucidated and novel pharmacological
compounds have been identified that interfere with the process and positively impact
plasma cholesterol levels. Secondly, it is now evident that the intestine itself
contributes to fecal neutral sterol loss as a cholesterol-secreting organ: selective
modulation of this process may provide an effective means to accelerate cholesterol
turnover. Finally, very recent work has unequivocally demonstrated that the intestine
contributes significantly to plasma HDL cholesterol levels and that intestine-specific
activation of LXR leads to “clinically relevant” elevation of plasma HDL levels in
animal models. Thus, the intestine is a potential target for novel anti-atherosclerotic
treatment strategies that, in addition to interference with cholesterol absorption,
modulate direct cholesterol excretion and plasma HDL cholesterol levels.

Keywords. Enterocyte-ABC transporters, Liver X Receptor, bile salts, high-density
lipoproteins

Introduction

Maintenance of cholesterol homeostasis in the body requires accurate metabolic cross-talk
between processes that govern de novo cholesterol synthesis and turnover to adequately cope
with (large) fluctuations in dietary cholesterol intake. Imbalance may lead to elevated plasma
cholesterol levels and increased risk for cardiovascular diseases (CVD), the main cause of
death in Western society. A multitude of epidemiological studies has shown the direct link
between high plasma cholesterol, particularly of low-density lipoprotein (LDL) cholesterol,
and risk for CVD. Treatment of high plasma cholesterol has been focused for many years on
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interference with cholesterol synthesis by application of statins. Statins are competitive
inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate-
controlling enzyme in the cholesterol biosynthesis pathway. Inhibition of cholesterol
synthesis leads to reduced production of very-low-density lipoprotein (VLDL) particles by the
liver and particularly, up-regulation of LDL receptor activity. Both processes contribute to
lowering of plasma LDL cholesterol levels [1]. Large clinical trials have established the
beneficial effects of statin treatment [2]. However, a relative large number of
hypercholesterolemic patients do not adequately respond to statin therapy or remain at risk for
CVD despite substantial reductions in LDL cholesterol. Consequently, alternative strategies
are currently actively pursued, particularly high-density lipoprotein (HDL)-raising
approaches. These approaches are considered particularly promising, as data from
epidemiological studies indicate that every 1 mg/dL increase in HDL cholesterol reduces
CVD risk by 2%-3% [3]. In addition, strategies aiming at interference with intestinal
cholesterol metabolism are gaining interest. A major development has been the introduction
of ezetimibe, a potent inhibitor of intestinal cholesterol absorption that reduces plasma
LDL cholesterol by approximately 20% in mildly hypercholesterolemic patients [4].
Likewise, phytosterol/stanol (esters)-enriched functional foods have successfully been
introduced for lowering of plasma cholesterol levels through interference with cholesterol
absorption [5].

Recently obtained insights in intestinal cholesterol trafficking may open even more
promising avenues for further developments. It appears that the intestine actively excretes
cholesterol and thereby, significantly contributes to fecal sterol excretion. In addition, it
appears that the intestine is an important source of HDL cholesterol, also known as “good”
cholesterol. Thus, the intestine is an attractive target for new therapeutic strategies aimed to
alter plasma cholesterol profiles and to reduce the risk for CVD. This review summarizes the
important new findings regarding the mechanism(s) of intestinal cholesterol absorption, with
specific focus on newly identified transporter proteins, the novel concept of direct intestinal
cholesterol secretion and the role of the intestine in HDL biogenesis.

Some Basic Features of Cholesterol

Cholesterol is essential for mammalian life as a structural component of cellular membranes,
influencing membrane organization and thereby membrane properties [6]. Cholesterol is the
precursor molecule of steroid hormones and therefore, essential for metabolic control.
Accumulation of free cholesterol, rather than cholesteryl esters, has been shown to
induce apoptosis in macrophages [7]. Thus, cholesterol is a key component in cellular
and whole-body physiology and cholesterol homeostasis is tightly regulated at a variety of
levels.

Body cholesterol derives from two sources, i.e. de novo biosynthesis and diet. The
rate-controlling enzyme in the synthetic pathway is HMG-CoA reductase, a highly regulated
enzyme that catalyses the conversion of HMG-CoA into mevalonate. Cholesterol itself
regulates feedback inhibition of HMG-CoA reductase activity, as accumulation of sterols in
the endoplasmic reticulum (ER) membrane triggers HMG-CoA reductase to bind to Insig
proteins, which leads to ubiquitination and degradation of HMG-CoA reductase [8]. In
addition, cholesterol regulates the gene expression of HMG-CoA reductase indirectly by
blocking the activation of the transcription factor sterol regulatory element-binding protein-2
(SREBP-2) [9].
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The contribution of the two sources to the total pool of cholesterol differs between
species and prevailing diet composition, but the total cholesterol pool is similar in rodents and
humans when expressed on the basis of body weight [10]. Cholesterol synthesis in the liver is
highly sensitive to the amount of (dietary) cholesterol that reaches the liver from the
intestine via the chylomicron-remnant pathway. The Western-type human diet provides
approximately 400 mg of cholesterol per day. On top of this, the liver secretes approximately
1 gram of cholesterol into bile per day. Intestinal cholesterol absorption efficiency in humans
is highly variable, ranging from 15% to 85% in healthy subjects [11]. After uptake by
enterocytes, cholesterol is packed with triglycerides into chylomicrons and secreted into the
lymph. In the circulation, the triglycerides are rapidly hydrolyzed and free fatty acids are
taken up by the peripheral tissues. Cholesterol-enriched chylomicron remnants are
subsequently cleared by the liver. Since chylomicron remnants, which contain most of the
cholesterol that is being absorbed from the intestine, are rapidly taken up by the
liver, interference with the absorption process directly influences hepatic cholesterol
metabolism.

The healthy liver is perfectly equipped for handling large amounts of cholesterol.
When relatively large amounts of cholesterol reach the liver, de novo synthesis and LDL
uptake are rapidly down-regulated. In addition, the liver can dispose excess cholesterol
molecules in several ways. A rapid response involves esterification of cholesterol by acyl
CoA cholesterol acyltransferase (ACAT) 2 for storage as cholesterylesters in cytoplasmic
lipid droplets. Cholesterylester can be hydrolyzed when necessary and this
esterification/hydrolysis cycle provides cells with short-term buffering capacity for
cholesterol. The liver, like the intestine, is able to produce and secrete VLDL particles, which
consist of a neutral lipid core composed of cholesterylesters and triacylglycerols and a
monolayer surface containing phospholipids, free cholesterol, and a variety of
apolipoproteins. Finally, cholesterol can be converted into bile acids by the hepatocytes,
followed by their secretion into the bile along with significant amounts of free cholesterol and
phosphatidylcholine. In humans, cholesterol lost via the feces consists of approximately 50%
acidic (= bile acids) and 50% neutral sterols, emphasizing the point that conversion into bile
acids represents a major pathway for cholesterol elimination.

Peripheral cells, e.g. macrophages, muscle and fat cells, are not able to form
lipoproteins or to metabolize cholesterol extensively. Therefore, these cell-types depend
massively on efflux pathways for removal of their excess cholesterol. It is generally assumed
that HDL is the primary acceptor for cholesterol efflux from cells. HDL cholesterol can
subsequently be taken up by the liver for further processing. This pathway is generally
referred to as the Reverse Cholesterol Transport (RCT) pathway. The RCT pathway is
particularly important for removal of excess cholesterol from macrophages, as accumulation
of esterified cholesterol in these cells is considered a primary step in the development of
atherosclerosis. Several epidemiological studies have shown that plasma HDL is an
independent, negative risk factor for the development of CVD. The common hypothesis is
that high HDL cholesterol levels decrease the risk for CVD by removing the excess of
cholesterol from the macrophages and enhancing RCT. Recent work, however, indicates that
this is an oversimplification and that current concepts of RCT require re-definition [12]. In
addition, the anti-inflammatory and anti-oxidant features of molecules rather than cholesterol
associated with the HDL particles, like paraoxonase, platelet activating factor-acetylhydrolase
or lysophospholipids, are becoming increasingly apparent.
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Towards Understanding of Intestinal Cholesterol Absorption

In the past years, insight in regulation of cholesterol absorption has greatly increased by
identification of transporter proteins involved. In addition, unraveling of molecular regulation
of their expression is progressing. Yet, it should be realized that besides transporter proteins,
the presence of bile acids in the intestinal lumen is an essential prerequisite for absorption to
occur [13].

Identification of Novel Proteins Involved in Cholesterol Absorption

Cholesterol absorption has long been considered a merely passive process, despite the fact
that the process is clearly selective since dietary cholesterol is absorbed with a relative high
efficiency whereas structurally similar phytosterols are not. Several candidate intestinal
cholesterol transporters have been proposed during the past couple of years, e.g. SR-BI [14]
and aminopeptidase N [15], but their role (if any) has remained elusive so far. The recent
identification of the Niemann-Pick C1 like 1 (NPCI1L1) protein as a crucial molecule involved
in cholesterol uptake by enterocytes [16] and of Abcg5 and Abcg8 proteins as (intestinal)
cholesterol efflux transporters [17-19], has provided definite proof that cholesterol absorption
is a protein-mediated, selective and active process.

The identification of NPCILI is strongly facilitated by the discovery of a powerful
cholesterol absorption inhibitor, i.e. ezetimibe [20]. Ezetimibe and analogs comprise a new
class of sterol absorption inhibitors that reduce diet-induced hypercholesterolemia in mice,
hamsters, rats, rabbits, dogs, monkeys and humans. Using a bioinformatics approach,
Altmann et al [16] have identified the NPC1L1 protein as a putative cholesterol transporter in
intestinal cells. NPCIL1 is expressed in the intestine at the brush border membrane and
Npcll-deficient mice show a 69% reduction in fractional cholesterol absorption. Importantly,
treatment with ezetimibe could not further reduce fractional cholesterol absorption efficiency
in these mice, indicating that NPC1L1 at least is involved in a pathway targeted by ezetimibe.
In support of this, recent studies have shown that ezetimibe glucuronide, the active molecule,
indeed binds to cells expressing NPC1L1 [21]. The exact cellular localization of NPCI1L1 is,
however, still under debate. Iyer ef a/ [22] showed that NPC1L1 is glycosylated and enriched
in the BBM of rat enterocytes. Davies et al [23] who were the first to identify NPCILI as a
homolog of the Niemann-Pick type C (NPC) protein, showed in HepG2 cells that NPC1L1 is
localized to a subcellular vesicular compartment but not in the plasma membrane. Using
immortalized fibroblasts from wild-type and Npci/l knock-out mice these authors also
showed that lack of NPCIL1 activity causes dysregulation of caveolin transport and
localization, suggesting that the observed sterol transport defect may be an indirect result of
the inability of Npclll-deficient cells to properly target and/or regulate cholesterol transport
in the cells.

Another possible mechanism of action of ezetimibe has been proposed by Smart and
colleagues [24]. These authors described the presence of a stable complex of annexin (ANX)
2 and caveolin (CAV) 1 located in enterocytes of zebrafish and mouse. Disruption of this
complex by morpholino antisense oligonucleotides in zebrafish could prevent normal uptake
of cholesterol. Ezetimibe treatment of zebrafish, C57BL/6 mice fed a Western-type diet and
LDL receptor knock-out mice disrupts the ANX2-CAV1 complex, suggesting that ANX2 and
CAV1 are components of an intestinal sterol transport complex and targets for ezetimibe.
Recent research using CAV1-deficient mice revealed, however, that inhibition of cholesterol
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absorption by ezetimibe does not require the presence of CAV1 [25]. In addition, rabbits do
not appear to form the ANX2-CAV1 complexes, yet, their cholesterol absorption efficiency is
still inhibited by ezetimibe [26].

Other proteins critical in control of sterol absorption are the ATP-binding cassette
(ABC) transporter proteins, G5 and G8. ABCG5 and ABCGS act as functional heterodimers
[27] and are localized at the canalicular membrane of hepatocytes and at the brush border
membrane of enterocytes. Mutations in the human genes encoding ABCGS5 or ABCGS8 have
been shown to cause the inherited disease sitosterolemia [17-19], which is characterized by an
accumulation of plant sterols (e.g. sitosterol, campesterol) in blood and tissues due to their
enhanced intestinal absorption and decreased biliary removal. Thus, ABCG5/ABCGS limit
plant sterol absorption by effective efflux back into the intestinal lumen. Since
ABCGS5/ABCGS also accommodate cholesterol, as evidenced from the fact that Abcg5/g8-
deficient mice show a strongly reduced biliary cholesterol secretion [28]. This system also
provides a means to control cholesterol absorption efficiency. Yet, 4bcg5 and/or Abcg8
deficiency in mice clearly enhances phytosterol absorption [29-31], but reported
effects on cholesterol absorption efficiency are minimal [28,29]. On the other hand, over-
expression of ABCGS5 and ABCGS in mice as well as pharmacological induction of their
expression lead to a strongly decreased fractional cholesterol absorption [31,32], indicating
that ABCG5 and ABCGS play a role in control of cholesterol absorption under certain
conditions.

Other transporter proteins, like the scavenger receptor BI (SR-BI) and ABCA1 have
been suggested to play a role in control of cholesterol absorption. In the small intestine, SR-
BI is localized both at the apical membrane and at the basolateral membrane of enterocytes,
with different expression levels along the length of the small intestine [13]. It was reported
that mice deficient in SR-BI show only a small increase in fractional cholesterol
absorption efficiency and a small decrease in fecal neutral sterol output [33]. On the other
hand, intestine-specific over-expression of SR-BI in mice leads to increased cholesterol
absorption in short-term experiments [34], indicating that SR-BI might have a role in the
process.

Although earlier reports [35] have suggested an apical localization, it is evident that
ABCAL1 is localized at the basolateral membranes of enterocytes [36,37]. The conflicting
results yielded in studies assessing intestinal cholesterol absorption in mice lacking Abcal
[38,39], suggest that the overall effect of Abcal on absorption is very minor. However, as will
be described later, this protein does have an important function in intestinal cholesterol
metabolism.

After uptake, cholesterol is esterified by the enzyme ACAT2 in the endoplasmic
reticulum (ER) of enterocytes. It was reported that Acat2-deficiency in mice on a low-
cholesterol chow diet does not affect cholesterol absorption efficiency, however, Acat2-
deficient mice show a clear reduction in cholesterol absorption upon feeding a high-fat/high-
cholesterol diet and as a consequence, are resistant to diet-induced hypercholesterolemia [40].
Other proteins crucial for cholesterol absorption are those involved in chylomicron formation,
like apolipoprotein B (ApoB) and microsomal triglyceride transfer protein (MTP), and
proteins involved in intracellular chylomicron trafficking such as SARA2. These proteins will
not be further discussed.

The major routes of cholesterol in enterocytes and the proteins involved are depicted
schematically in Figure 1.
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Model of intestinal sterol absorption

Chylomicrons C+PS

)

Figure 1. Schematic overview of the major routes of cholesterol in enterocytes. Dietary and biliary cholesterol
are taken up via the action of NPCI1L1. In the ER, cholesterol is esterified and incorporated into chylomicrons,
which are subsequently secreted into lymph. Non-esterified sterols can be re-secreted into the intestinal lumen
via the action of ABCG5/G8 or secreted towards ApoAl via the action of ABCAI.

ABCA1, ABCGS5, ABCGS8: ATP-binding cassette transporter Al, G5, G8; ACAT2: acyl-coenzyme
A:cholesterol acyltransferase 2; C: cholesterol; CE: cholesterylester; ER: endoplasmic reticulum; MTP:
microsomal triglyceride transfer protein; NPC1L1: Niemann-Pick C1 like 1 protein.

Regulation of Cholesterol Absorption

As indicated above, cholesterol can be taken up from the intestinal lumen by NPCIL1 and
effluxed back into the lumen via ABCG5 and ABCGS8. When both processes are active and
present in the same cells, a classical futile cycle arises, enabling very sensitive regulation.
Interference with this system has a great potential for reducing plasma cholesterol.

Lowering of NPCIL1 expression provides potential means to reduce cholesterol
absorption. Mechanisms involved in transcriptional control of NPC1L1 are beginning to be
unraveled. The nuclear receptor peroxisome proliferator-activated receptor (PPAR)J/B
(NR1C2) has been shown to decrease cholesterol absorption, presumably by decreasing
NPCIL]I expression [41]. Activation of PPARS/B by the synthetic agonist GW610742 results
in a 43% reduction of cholesterol absorption in mice, which coincides with unchanged
intestinal expression of Abcg5 and Abcg8 but a decreased intestinal expression of Npclll.
Treatment of human colon-derived Caco-2 cells with ligands for PPARS/B, but not for PPARYy
or PPARa, decreases NPCIL1 expression as well [41]. Whether PPARS/ regulates NPC1L1
directly or indirectly via transcriptional repression, is still under investigation.

The major regulatory pathways in cholesterol metabolism are controlled by the nuclear
receptor Liver X Receptor (LXR). Two LXR isotypes have been identified in mammals, i.e.
LXRo (NR1H3) which is mainly expressed in the liver, kidney, intestine, spleen and adrenals,
and LXRP (NR1H2) which is expressed ubiquitously. Natural ligands for both LXRs are
oxysterols. After activation, LXR heterodimerizes with Retinoid X Receptor (RXR) [42].
Activated RXR/LXR heterodimers bind to specific LXR response elements (LXREs) in the
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promoter regions of their target genes and activate gene transcription. LXR-target genes
include many genes involved in cellular cholesterol efflux like ABCA1, ABCG1, ABCGS5, and
ABCGS and genes involved in lipogenesis like sterol regulatory element-binding protein
(SREBP)-1C, fatty acid synthase (FAS) and acetyl-CoA4 carboxylase (ACC). Global LXR-
activation by synthetic agonists therefore has a plethora of effects including elevated HDL
levels, hypertriglyceridemia, hepatic steatosis, increased biliary cholesterol excretion, reduced
intestinal cholesterol absorption efficiency and increased neutral sterol loss via the feces
[43,44]. The decreased intestinal cholesterol absorption is primarily due to increased
cholesterol efflux of cholesterol towards the intestinal lumen due to increased Abcg5 and
Abcg8 expression, as fractional cholesterol absorption is reduced upon LXR-activation in
wild-type mice but remains unaltered in Abcg5/g8-deficient mice [29] and Abcg5-deficient
mice [32] under these conditions. Other mechanisms, such as reduced intestinal Npcll]
expression after LXR-activation contribute to reduced cholesterol absorption, as recently
shown in ApoE?2 knock-out mice [45].

Dietary phytosterols and phytostanols and their esters have been introduced in
functional foods to suppress intestinal cholesterol absorption and hence to reduce the risk for
CVD. Phytosterols and stanols are thought to decrease cholesterol absorption by competing
with cholesterol for incorporation into mixed micelles in the intestinal lumen. However,
several recent studies suggest additional mechanisms involving alterations of intestinal gene
expression. Igel and colleagues [46] showed for the first time that phytosterols and stanols are
actually taken up by the enterocytes and subsequently re-secreted into the gut lumen, most
probably through the action of Abcg5/Abcg8 transporters. This finding indicates that
phytosterols and stanols, in addition to modes of action within the intestinal lumen, may exert
metabolic actions from inside the enterocytes. Moreover, dietary phytostanol consumption
(2.5 g) once a day reduces LDL cholesterol as effective as consumption of 2.5 g phytostanols
ingested in three daily portions [47], suggesting that luminal concentrations may not be the
key to the control of metabolic actions. The identification of a phytosterol-derived agonist for
the nuclear receptor LXR [48] has led to the proposal that phytosterols and stanols decrease
cholesterol absorption via activation of intestinal LXR. Recent in vivo studies, however,
showed that dietary phytosterols and phytostanols decrease cholesterol absorption without
activating LXR in rodent models: e.g. Plosch et al [49] showed that addition of 0.5%
phytostanols/sterols to a semi-synthetic diet did not affect intestinal expression of ABC
transporters and Npclll in C57BL mice. Additionally, these authors showed that the plant
sterol/stanol-induced reduction of cholesterol absorption in mice is not influenced by 4bcg5-
deficiency [49], indicating that intra-luminal events are most relevant for the inhibitory effect
of these dietary compounds.

Novel Role of the Intestine in Reverse Cholesterol Transport

It is clear that the intestine plays a major role in cholesterol homeostasis as a cholesterol
absorbing organ. However, recent studies revealed that the intestine also acts as an excretory
organ in the Reverse Cholesterol Transport (RCT) pathway [50]. This pathway is classically
defined as the HDL-mediated flux of cholesterol from peripheral cells to the liver, followed
by its secretion into bile and disposal via the feces. RCT is extremely important in prevention
of CVD as it removes excess cholesterol from macrophages present in the arterial vessel wall.
The amount of cholesterol secreted into bile is substantial. As only part of it is absorbed by
the intestine, it contributes significantly to cholesterol loss via the feces. However, a novel
pathway that contributes to fecal cholesterol loss has recently been established.
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Non-dietary cholesterol present in the intestinal lumen consists of a fraction secreted
by the liver into the bile and a second fraction directly secreted by the intestine. Measuring
dietary cholesterol, cholesterol absorption and cholesterol loss via the feces in patients with
complete obstruction of common bile duct due to carcinoma of the head of the pancreas
unequivocally established the presence of intestinally secreted cholesterol in the feces [51].
By intestinal perfusion studies in humans, Simmonds et a/ [52] have tried to quantify this
route. In a triple lumen tube system, perfusion studies can be carried out using micellar
solutions with radio-labeled cholesterol. Decrease in specific activity is interpreted as
secretion of endogenous cholesterol from the intestine and the contribution of endogenously
secreted cholesterol from the intestine is estimated to be about 44% of total fecal output, but
direct proof for the existence of this pathway could not be provided.

Since these early experiments, the focus of research has shifted more towards the liver.
Biliary cholesterol and bile acid secretions are believed to represent the major pathways for
removal of excess cholesterol. However, recent calculations of cholesterol fluxes in different
mouse models again emphasize the relevance of intestinal cholesterol secretion. Plosch and
colleagues [44] showed that the pathway of intestinal cholesterol secretion can be induced in
mice by treatment with the synthetic LXR-agonist T0901317. In C57BL/6 mice, efflux of
cholesterol from the intestinal epithelium into the lumen, calculated from the difference
between dietary and biliary input minus fecal output, contributes up to 36% of the total fecal
cholesterol loss. Pharmacological LXR-activation in these mice triples the intestinal
cholesterol secretion, showing that this represents a valid, inducible pathway for removal of
cholesterol in mice.

To further characterize this route, Kruit et a/ [50] have studied the effects of LXR-
activation by the synthetic agonist GW3965 in wild-type and Mdr2-deficient mice. Mdr2-Pgp
(or Abcb4 according to the new nomenclature) mediates the ATP-dependent translocation of
phospholipids at the canalicular membrane of hepatocytes. Consequently, Mdr2-deficiency
leads to the inability to secrete phospholipids into the bile. Due to the tight coupling of
phospholipid and cholesterol secretion, these mice also show a severely impaired biliary
cholesterol secretion [53,54]. Despite the impaired biliary cholesterol secretion, chow-fed
Mdr2”" mice show a similar fecal neutral sterols loss as wild-type mice, suggesting that the
intestine indeed contributes to the fecal neutral sterol loss. LXR-activation increases fecal
neutral sterol output to a similar extent in Mdr2” and wild-type mice, although biliary
cholesterol secretion remains impaired in Mdr2”" mice but increases in wild-type mice. These
data show that the increased fecal cholesterol loss upon LXR-activation is independent of
biliary cholesterol secretion. Although fractional cholesterol absorption decreases to a greater
extent in Mdr2” mice compared to wild-type mice upon LXR-activation, it could be
calculated that at least 57% of fecal cholesterol originates from intestinal secretion in Mdr2”"
mice.

The most intriguing question, namely the origin of intestine-derived cholesterol has
remained unanswered so far. Part of the cholesterol could, in theory, originate from enhanced
sloughing of intestinal cells or reflect a consequence of increased intestinal de novo
cholesterol synthesis. Upon LXR-activation, however, intestinal HMG-CoA reductase gene
expression remains unchanged [44,50], indicative for unchanged cholesterol synthesis, while
fecal sterol loss increases 3 times. Staining for the proliferation marker Ki-67 has revealed no
signs of increased intestinal cell proliferation upon LXR-activation, making the possibility of
enhanced cell shedding less likely. Using intravenously injected radio-labeled cholesterol as a
marker, Kruit and colleagues [50] additionally showed that fecal loss of plasma-derived
cholesterol is 1.7-fold higher upon LXR-activation in Mdr2”" mice, suggesting that the
intestine plays an important role independently of biliary cholesterol in cholesterol transport
from plasma to the feces.
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Further research should be done to identify the putative proteins involved in this
pathway. The sterol efflux proteins, ABCG5/ABCGS, seem to be good candidates, as
increased fecal neutral sterol output upon LXR-activation requires the presence of Abcg5 and
Abcg8 and transgenic mice over-expressing human ABCGS5 and ABCGS (hG5G8Tg) show
significantly increased fecal neutral sterol loss. However, deficiency of Abcg5 and/or Abcg8
leads to only mild or no decrease in fecal neutral sterol loss and the increased fecal neutral
sterol excretion loss in the #G5G8Tg mice is inhibited in 2hG5G8Tg mice lacking Mdr2
(Mdr2" hG5G8Tg mice), suggesting that biliary cholesterol secretion is responsible for the
increased fecal sterol loss in hG5G8Tg mice [55]. However, hG5G8Tg mice show a high
expression of human ABCGS5 and ABCGS in the liver but their expression in the intestine is
far less pronounced [31]. Thus, the question whether intestinal ABCGS and ABCGS are
important for intestinal cholesterol efflux under normal conditions still remains unanswered.

Virtually nothing is known about transporter systems involved in uptake of plasma
cholesterol by enterocytes prior to its excretion into the intestinal lumen. LXR-activation can
up-regulate a number of cholesterol transporters, of which only SR-BI is known to be
involved in cholesterol uptake, at least in the liver. Chow-fed SR-B/ “ mice show only a small
decrease in fecal neutral sterol loss, suggesting a relatively small contribution of intestinal
SR-BI to the control of fecal cholesterol excretion. However, basolaterally localized SR-BI in
enterocytes could theoretically play a role in cholesterol. When free cholesterol in enterocytes
decreases due to activation of ABCGS5 and ABCGS, uptake of the sterol from the plasma
compartment may become energetically favorable.

Intestinal Contribution to HDL Biogenesis

The intestine along with the liver, has been known for many years to synthesize and secrete
apolipoprotein A-I (ApoA-I), the principal apolipoprotein of HDL. Glickman and Green [56]
have described the synthesis of ApoA-I by the intestine of rats. Wu and Windmueller [57]
reported that intestinally synthesized ApoA-I contributes up to 56% of total plasma ApoA-I in
rats and demonstrated that intestine plays a potential role in HDL particle assembly.

In addition to ApoA-I, ATP-binding cassette (ABC) transporter 1 (ABCA1) is of
crucial importance for HDL formation. Three different groups have independently reported
mutations of the ABCAI1 gene as the cause of Tangier disease [58-60]. Tangier disease is
characterized by almost complete absence of plasma HDL, abnormal accumulation of
cholesteryl esters in reticuloendothelial cells of many tissues and early incidence of
atherosclerosis. No abnormalities in the ApoA-I protein or in protein synthesis have been
found. These findings and the subsequent generation of Abcal”™ mice which also lack plasma
HDL [39], underscore ABCA1 which is crucial for HDL formation.

ABCAT1 performs the rate-controlling step in HDL formation by mediating the efflux
of cholesterol and phospholipids to nascent ApoA-I. ABCA1 is widely expressed throughout
the body [61], however not all tissues are important for the regulation of plasma HDL. Bone
marrow transplantation studies revealed that macrophage expression of Abcal contributes
only minimally to plasma HDL [62]. Macrophage ABCA1 is, however, important for the
development of atherosclerosis because deficiency of Abcal in bone marrow-derived cells
increases the susceptibility to atherosclerosis in sensitive strains of mice [63]. Conversely,
over-expression of ABCAI in bone marrow-derived cells inhibits the progression of
atherosclerotic lesions in such mice [64].

As both the liver and intestine synthesize ApoA-I and express significant levels of
ABCAL, they are prone to contribute to biogenesis of plasma HDL levels. Studies employing
adenoviral Abcal transfer to mouse liver in vivo [65,66] showed that treatment of C57BL/6
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mice with adenovirus containing ¥4BCAI-GFP results in a 2-fold increase in plasma HDL
levels. Wellington et al [66] treated mice with increasing doses of ABCAI-containing
adenoviruses, which results in a dose-dependent increase in hepatic ABCAI protein
expression. Liver-specific Abcal knock-down by 50% in mice using siRNA results in a 40%
decrease of plasma HDL cholesterol levels, indicating that hepatic Abcal expression
correlates with plasma HDL levels in mice [67].

The liver is the major contributor to plasma HDL as liver-specific deficiency of Abcal
results in a decrease of plasma HDL cholesterol levels by ~80%. In vivo catabolism of HDL
ApoA-I isolated from wild-type mice is 2-fold higher in Abcal™™ mice due to a 2-fold
higher rate of catabolism of ApoA-I in the kidneys [68]. These data unequivocally
demonstrate that hepatic Abcal is responsible for the maintenance of the circulating plasma
HDL by direct lipidation of lipid-poor ApoA-1 containing particles. These data also show
that, although the liver is the major organ responsible for HDL levels, additional extra-hepatic
sites also contribute to HDL biogenesis.

To address the contribution of intestinal Abcal to plasma HDL, intestine-specific
Abcal knock-out (Abcal ') mice have been created using the Cre/Lox system with the Cre
transgene under the control of the villin promoter [69]. Intestinal Abcal deficiency results in a
30% decrease in plasma HDL cholesterol levels, indicating that intestinal Abcal is critically
involved in HDL biogenesis. Combined deletion of both hepatic and intestinal 4bcal results
in a 90% decrease of plasma HDL, which is similar to the level found in the whole-body
Abcal™ mice, proving that the liver and intestine are really the two major sites for HDL
biogenesis. Absence of intestinal Abcal results in decreased transport of dietary cholesterol
into plasma HDL, but total intestinal cholesterol absorption is not affected. Surprisingly,
lymphatic HDL content is hardly affected in Abcal ™" mice. In contrast, HDL is virtually
absent in lymph of Abcal ™" mice, indicating that lymph HDL originates from the plasma
compartment rather than directly from the intestine [69]. This finding has solved a long-
lasting debate on the origin of lymphatic HDL. It would be interesting to see whether lack of
intestinal Abcal influences the development of atherosclerosis.

Modulation of Plasma HDL by Intestine-specific LXR-activation

As discussed above, LXR is a major regulator of cholesterol metabolism and LXR-agonists
are considered promising candidates for novel treatment strategies against atherosclerosis.
Indeed, treatment of ApoE'/ “ and LDLr" mice, both are sensitive to atherosclerosis
development, with synthetic LXR-agonists inhibits development of atherosclerosis [70,71].
However, general LXR-activation also leads to increased lipogenesis, hypertriglyceridemia
and hepatic steatosis in rodents and is therefore not recommended for use in humans. Specific
LXR-activation in the intestine may be beneficial in this respect, as it can theoretically lead to
decreased cholesterol absorption, increased intestinal cholesterol excretion and plasma HDL
levels. Recent data from our laboratory, using a relative intestine-specific LXR-agonist in the
various Abcal knock-out models described above, indeed showed that induction of intestinal
Abcal expression only has the desired effect without adverse effects on triglyceride
metabolism [72].

Conclusion

During the past 5 years, a number of developments have greatly contributed to appreciation of
the important role of the intestine in maintenance of cholesterol homeostasis, including
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identification of transporter proteins involved in uptake and secretion of cholesterol by
enterocytes, establishment of the direct cholesterol excretion pathway of the intestine,
definition of the role of the intestine in HDL biogenesis.

A wealth of data indicate that the intestine should be considered a promising target for

development of anti-atherosclerotic drugs that, in addition to interference with cholesterol
absorption, may directly modulate cholesterol excretion and plasma HDL cholesterol levels.
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Abstract. The NR4A subfamily of nuclear orphan receptors comprises three
members Nur77, Nurrl and NOR-1 that are each expressed in the vessel wall in
response to injury and in atherosclerotic lesion macrophages. To study the function
of NR4As in vascular smooth muscle cells, endothelial cells and
monocyte/macrophages gain of function and siRNA-mediated knock-down
experiments have been performed in cultured cells and in dedicated mouse models.
Nur77 has been shown to inhibit the formation of smooth muscle cell-rich lesions, to
promote endothelial cell survival and to modulate the inflammatory response of
macrophages. Most recently, small-molecule activators of NR4As such as 6-
mercaptopurine have been identified to modulate the transcriptional activity of these
nuclear receptors in experimental model systems. In this chapter we will present the
knowledge currently available on vascular actions of NR4As and the function of
these nuclear receptors in metabolism will be reviewed briefly. A clinical
perspective to approach NR4As as targets for intervention in vascular disease will be
given as well as directions for future research.

Keywords. Nuclear orphan receptors, NR4A, vascular biology, atherosclerosis,
metabolism

1. Introduction
1.1. General Introduction on Nuclear Receptors

Nuclear receptors (NRs) are ligand-inducible, structurally related transcription factors that
regulate the activity of genetic networks in response to a wide variety of signals [1]. They
control processes such as cell growth, development and metabolism [2,3]. NRs can be
subdivided in three classes. Type I receptors are the classical steroid receptors like the
estrogen receptor, the androgen receptor and the glucocorticoid receptor, which upon
activation by ligand translocate to the nucleus. Type II receptors are thyroid/retinoid
receptors, like the thyroid receptor (TR), the peroxisome proliferator-activated receptors
(PPARs) and the retinoic acid receptor (RAR). These receptors are often retained in the
nucleus regardless of the presence of their cognate ligands. The last class, class III,
comprises the orphan receptors, which were originally identified based on amino-acid
sequence similarities with known receptors. However, the ligands of these receptors have
not yet been identified. All classes of NRs share a common structural organization. They
consist of a highly conserved central DNA-binding domain (DBD), a less conserved
carboxy-terminal ligand-binding domain (LDB) and a highly variable amino-terminal
transactivation domain [4]. The DBD contains two zinc fingers and is responsible for
targeting the receptors to their hormone response elements (HRE). The NRs can bind to
DNA as homodimers and/or as heterodimers with Retinoid X Receptor (RXR) with each
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monomer recognizing a six base pair sequence of DNA, however some NRs can also bind
to DNA as monomers. The LBD contains the ligand-binding pocket, which binds small
lipophilic ligands such as steroid hormones, retinoids or thyroid hormone, and is
responsible for the specificity and selectivity of the physiologic response [4]. The
transcriptional activity of NRs is not only regulated by ligand binding, but also modulated
by the binding of co-activators, like SRC1/p160, GRIP1/TIF2/SRC2 and CBP/p300, which
amplify the transcriptional activity of the NR when recruited, and of co-repressors, which
attenuate the activity of the non-activated receptors. It has been shown by X-ray
crystallography of several LBDs in the presence or absence of ligand that binding of the
ligand induces a conformational change, which results in the loss of interaction with co-
repressors and allows co-activators to bind. Many co-activators share a common o-helical
LXXLL motif, which can bind to a shallow hydrophobic groove with a charged glutamic
and lysine residue lining the rim forming a charged clamp. This surface is exposed after
ligand binding due to the conformational change in the LBD of the NR [5,6]. In the absence
of ligand the LBD conformation allows co-repressors like NCoR and SMRT to be recruited
to NRs. The amino-terminal transactivation domain is important in mediating
transcriptional activation. This domain is the least conserved domain between the NRs,
both in length and amino-acid composition and has been described to contain the activation
function-1 (AF-1) domain.

1.2. Introduction on Members of the NR4A Subfamily of Nuclear Receptors

The NR4A subfamily of nuclear receptors contains three members: Nur77 (NR4A1, TR3,
NGFI-B, NAK-1), Nurrl (NR4A2, NOT) and NOR-1 (NR4A3, MINOR). Nur77 was
originally identified in PC12 cells and named NGFI-B, as a factor of which the expression
was strongly up-regulated by nerve growth factor [7]. The NR4A subgroup is unique within
the large family of NRs by being encoded by immediate early genes that are rapidly and
transiently induced by various stimuli. NR4As are expressed in tissues including thymus,
muscle, lung, liver, testes, adipose tissue and in the hypothalamus-pituitary-adrenal axis.
Although Nur77 knock-out mice do not show an overt phenotype [8], other studies have
shown that Nur77 is rapidly induced by T-cell receptor signalling in immature thymocytes
and T-cell hybridomas where it plays a role in thymocyte-negative selection and T-cell
receptor-mediated apoptosis [9,10]. The involvement of Nur77 in apoptosis is also observed
in various cancer cells, like lung, prostate, colon and gastric cancer cells [11-14]. Nurrl was
first detected in brain where it was found to be highly expressed in the dopaminergic
neurons of the midbrain [15,16]. Studies using knock-out mice lacking Nurrl demonstrated
that Nurrl is important for dopamine nerve development as these mice fail to generate these
dopaminergic neurons and die soon after birth [17,18]. The third member of the NR4A
family was first cloned from cultured rat neuronal cells undergoing apoptosis and was
designated as NOR-1 (neuron-derived orphan receptor) [19]. NOR-1 has also been detected
as an EWS-NOR-1 fusion protein in myeloid chondrosarcoma, where chromosomal
translocation resulted in an EWS chimeric gene encoding a protein in which the amino-
terminal transactivation domain of EWS is linked to full-length NOR-1 [20,21]. NOR-1
knock-out mice have been generated in which the NOR-1 gene is disrupted by insertion of
lacZ. These mice are viable and only have minor problems in inner ear development [22].
However, NOR-1 knock-out mice that were generated by deletion of part of the
transactivation domain and the first zinc finger domain show a very different phenotype.
The complete absence of NOR-1 protein in the latter mice resulted in embryonic lethality
[23].

All three NR4As bind as monomer to an extended HRE (NBRE, AAAGGTCA), or
as homodimers to the palindromic NurRE (TGATATTTX6AAAGTCCA) [24]. Nur77 and
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Nurrl, but not NOR-1 also form heterodimers with RXR in the presence of retinoids and
thus can modulate the activities of a subclass of retinoid REs [25]. Since no physiological
ligands for the NR4A receptors have been identified, they belong to the orphan NRs. In
fact, crystallographic studies show that the Nurrl LBD does not contain a ligand-binding
pocket, because bulky hydrophobic residues occupy the space that is available for ligand
binding, which is different from the LBD of other NRs. Since in the absence of a ligand
Nurrl in the crystal is folded in such a way that it closely resembles the structure of a
ligand-bound, transcriptionally active LBD of other NRs, it is thought that the
transcriptional activity of the NR4A receptors is independent of ligands. In addition, NR4A
receptors lack the classical hydrophobic co-activator binding groove, where in other NRs
LXXLL-containing proteins can bind. In Nurrl this groove is filled with polar side chains
[26]. Recently a new co-regulator binding surface has been identified in the Nurrl LBD
which was shown to bind non-polar peptides derived from the co-repressors NCoR and
SMRT [27,28]. The function of this surface in regulation of NR4A activity needs, however,
to be assessed in more detail. Although as yet there are no endogenous ligands known for
the NR4A receptors, recently several compounds that activate NR4As in vitro have been
identified. It has been shown that the antineoplastic and anti-inflammatory drug 6-
mercaptopurine (6-MP) increases NR4A transactivation via its N-terminal transactivation
domain. The exact mechanism by which 6-MP enhances the transcriptional activity of the
NR4A receptors is unknown, however, it has been shown that the activation does not
involve direct interaction between 6-MP and the receptor [29,30]. Recently a series of
methylene-substituted diindolylmethanes (DIM-Cs) were identified as Nur77 agonists.
Interestingly, these DIM-Cs activate Nur77 through its LBD and binding of Nur77 to its RE
is not affected [31]. Whether this effect on transactivation involves direct binding of DIM-
Cs to the LBD remains to be elucidated.

Co-activator

T4 ligand

DNA — :
NBRE !

transcription of target genes

Figure 1. Schematic representation of the structure of NR4A nuclear receptors.

2. NR4A Nuclear Receptors in Metabolism

One of the major risk factors for atherosclerosis is obesity, which leads to elevated
triglyceride and low-density lipoprotein (bad) cholesterol levels, impaired fasting glucose
and hypertension. Liver, adipose tissue and skeletal muscle are crucial tissues in basal
metabolism and have significant roles in blood-lipid and glucose profiles and energy
homeostasis. Both Nur77 and NOR-1 are strongly induced in skeletal muscle in response to
B-adrenergic stimulation and siRNA knock-down studies revealed that Nur77 and NOR-1
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promote lipolysis in this tissue [32,33]. All three NR4A subfamily members are expressed
in mice after cold exposure in brown adipose tissue and in fasting liver when glucagon
levels are increased. Nur77 has been shown to induce the expression of glucose-6-
phosphate phosphatase, fructose-1,6-biphosphate phosphatase-1 and -2 and enolase 3 in
liver cells and to increase fasting glucose levels in mice after over-expression in the liver
[34]. Inactivation of NR4A activity by means of over-expression of a dominant-negative
variant in the liver inhibits the expression of gluconeogenic genes and lowers blood glucose
levels in diabetic mice [34].

3. NR4A Nuclear Receptors in the Vessel Wall

Atherosclerosis is a disease of the arteries with a focal appearance, in which areas of the
vascular tree with relatively low shear stress, such as occurs at curves and bifurcations, are
prone to develop vascular lesions in response to systemic factors. At these specific sites the
endothelium, which lines the vessel lumen, becomes activated allowing circulating
monocytes to bind and extravasate into the vascular wall. Local accumulation of reactive
oxygen species and oxidized lipoproteins activate the infiltrated macrophages resulting in
the release of excessive cytokines and chemokines attracting even more inflammatory cells
(macrophages and T-cells). Also medial smooth muscle cells (SMCs) become activated and
migrate and proliferate into the lesion area. Macrophages scavenge (modified) lipids and
become large so-called foam-cells that become physically trapped in the vessel wall.
Eventually, complex atherosclerotic lesions are formed that gradually obstruct normal
blood flow, but these lesions can also in an earlier stage of the disease rupture and cause
local blood coagulation resulting in an acute ischemic event. In addition to atherosclerotic
lesions, also SMC-rich lesions may be formed in the vessel wall. For example, after stent
placement in angioplastic procedures, accelerated restenotic lesions can develop, which are
composed predominantly of SMCs. Similarly, in vein-graft disease, a complication of
venous bypass-grafting, vascular lesions are formed that are rich in proliferating SMCs.

NR4A nuclear receptors are expressed under specific conditions in vascular SMCs,
endothelial cells, T-cells and macrophages. Each of these cell-types is involved in vascular
lesion formation, and in this chapter we present the data currently available on cellular
functions that are affected by Nur77, Nurrl and/or NOR-1 in these specific cell-types
(Figure 2).

3.1. NR4As in Vascular Smooth Muscle Cells

In SMCs Nur77 and Nurrl were originally identified as genes that are expressed upon
activation of human cells by differential display analysis, whereas NOR-1 was recognized
in porcine SMCs by the same technique [35,36]. NR4A factors show in SMCs a transient
and immediate early expression pattern in response to diverse stimuli, such as serum, low-
density lipoprotein (LDL), platelet-derived growth factor (PDGF) and mechanical strain. It
has now been shown extensively that induction of NOR-1 gene expression involves cAMP-
response element binding protein (CREB) and CREB-response elements in the NOR-1
promoter in SMCs, similar as in breast cancer cells [36-39]. We have shown that all three
NR4As are expressed in human atherosclerotic lesions but not in medial SMCs of the
normal, quiescent vessel wall [40]. Furthermore, we observed expression of Nur77 in
human saphenous vein segments exposed ex vivo to whole-blood perfusion under arterial
pressure and in cultured venous SMCs challenged by cyclic stretch, to mimic excessive
mechanical strain on venous SMCs in vitro [41]. Nur77 expression has also been observed
in lesions that develop after placement of a loosely-fitting cuff around the mouse femoral
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artery [42] and NOR-1 expression is induced in porcine coronary arteries in response to
percutaneous transluminal coronary angioplasty-mediated injury [36].

To delineate the function of NR4As in SMCs gain and loss-of-function experiments
have been performed. It has been proposed that NOR-1 promotes SMC proliferation and
migration, since antisense oligonucleotides directed against NOR-1 mRNA inhibit serum-
and LDL-induced growth of vascular SMCs, as well as migration of SMCs in a scratch-
wound assay [36,38]. These data were further substantiated by experiments with primary
murine SMCs that were derived from NOR-1 knock-out animals [22]; wild-type littermate
SMCs showed a selective growth advantage relative to NOR-1-deficient SMCs, both in
response to serum and in response to PDGF. Growth inhibition of these NOR-1-deficient
SMCs was rescued by re-introduction of NOR-1 ¢cDNA [39]. It should be noted, however,
that these NOR-1 knock-out mice are viable and were shown to develop only a minor ear
defect, whereas the NOR-1 knock-out mice generated by Winoto and coworkers exhibit an
early embryonic lethal phenotype [23].

Venous SMCs, in contrast to mammary artery-derived SMCs, proliferate in
response to cyclic stretch. To reveal the growth inhibitory function of Nur77 in stretch-
activation of SMCs, we have demonstrated that siRNA-mediated knock-down of Nur77 and
over-expression of Nur77 in venous SMCs result in enhanced and abolished stretch-induced
DNA synthesis, respectively. Moreover, stretch-mediated SMC proliferation was shown to
be inhibited by 6-MP, in a Nur77-dependent way. To study the function of Nur77 in SMC-
rich lesion formation in vivo we generated transgenic mice over-expressing Nur77 under
control of the SM22a-promoter, which directs transgene expression to arterial SMCs
[43,44]. The mice were challenged by carotid artery ligation and it was demonstrated that
SMC-rich lesion formation was reduced in Nur77-over-expressing mice [40]. To evaluate
the contribution of endogenous NR4A factors in the formation of such lesions, we applied a
well-described dominant-negative variant of Nur77, denoted Nur77-ATA, which lacks the
amino-terminal transactivation domain and inhibits the transcriptional activity of all three
NR4As [45]. Nur77-ATA transgenic mice (with the same SM22a-promoter) were
generated and these mice develop more lesion than their wild-type littermates indicating
that inhibition of all three NR4A subfamily members in the vessel wall aggravates lesion
formation [40]. To further explore the function of Nur77 in SMC-rich lesion formation and
to answer the question whether Nur77 may be targeted with its small-molecule activators,
we applied 6-MP in a mouse model with drug-eluting cuffs and showed that locally applied
6-MP indeed inhibits lesion formation. Moreover, in transgenic mice over-expressing
Nur77 in the vessel wall we observed a stronger inhibition, whereas lesion formation was
no longer influenced by local 6-MP application when the dominant-negative variant Nur77-
ATA is present in the vessel wall [42].

Based on these data we concluded that Nur77 protects against the formation of
SMC-rich lesion formation, which is of special interest because Nur77 is only expressed in
vascular lesions and not in the normal vessel wall. Consequently, we propose that Nur77 is
involved in endogenous feedback mechanisms that are set off upon activation of SMCs to
modulate excessive cellular proliferation.

3.2. NR4As in Endothelial Cells

In cultured vascular endothelial cells, NR4A expression is transiently and robustly induced
by serum and vascular endothelial growth factor (VEGF) [46,47]. For Nur77 it has been
shown that its transcription is directly regulated by hypoxia-inducible factor-1 (HIF-1a) in
hypoxic renal cell carcinoma [48] and that Nur77 in turn stabilizes HIF-1a [49]. Based on
gain of function experiments for Nur77 we proposed that Nur77 inhibits cell-cycle
progression and may be involved in maintenance of vascular endothelium integrity [46],
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whereas antisense oligonucleotide-mediated knock-down of NOR-1 has been shown to
inhibit endothelial cell proliferation, indicating that NOR-1 promotes the growth of these
cells. In a mouse angiogenesis model [50] it has been demonstrated that VEGF-mediated
angiogenesis is dependent on Nur77 expression and transcriptional activity. Most recently,
it has been shown that 6-MP enhances the expression of all three NR4A members and
promotes endothelial cell tube formation [51]. Together, these data may indicate that
NR4As promote endothelial cell survival and are involved in angiogenesis.

Smooth muscle cells:
Proliferation
Migration
Inflammatory response

' Macrophages:
‘ ) Inflammatory response
N ,. Lipid loading

T-cells:
Apoptosis

Endothelial cells:
Survival

Angiogenesis

Proliferation

Figure 2. Schematic representation of the cells involved in initiation and progression of vascular disease and
specific cellular functions modulated by NR4A nuclear receptors.

3.3. NR4As in T-cells and Macrophages

As indicated in the introduction, atherosclerosis is a chronic inflammatory disease
involving the action of T-cells and macrophages in the vessel wall both at the initiation and
during progression of vascular disease. Winoto and coworkers performed extensive studies
on the function of NR4As in (developing) T-cells and demonstrated that both Nur77 and
NOR-1 induce apoptosis in T-cells [52]. Subsequent studies, involving microarray analyses,
revealed that Nur77 induces apoptosis through transcriptional activation of many genes,
including known apoptotic genes such as FasL and TRAIL [53]. Also in macrophages
Nur77 has been implicated to be involved in apoptosis, however, this study shows that only
in the presence of zVAD (a pan-caspase inhibitor) Nur77 induces caspase-independent
apoptosis in these cells. In human and mouse monocytes and macrophages all three NR4A
factors are robustly, rapidly and transiently induced upon activation of these cells by
phorbol-esters, LPS, cytokines such as TNFa and by oxidized LDL [54,55]. Pei et al have
shown that the induction of expression of Nur77 in macrophages in response to
inflammatory signals involves NFkB-activity, which subsequently results in enhanced
expression of multiple genes among which IKKi/IKKe, a modulator of the NFxB signalling
cascade, and TNFa and IP10/CXCL10 [54,56]. We demonstrated that over-expression of
each of the NR4A factors in monocytic THP-1 cells, results in reduced expression of the
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pro-inflammatory cytokines interleukin (IL)-1B and IL-6 and the chemokines IL-8,
macrophage inflammatory protein (MIP)-loe and -1f and monocyte chemoattractant
protein-1 (MCP1) in THP-1 derived macrophages. In addition, NR4A-factors reduce
oxidized-low-density lipoprotein uptake, consistent with down-regulation of scavenger
receptor-A, CD36, and CD11b macrophage marker genes. Knock-down of Nur77 or NOR-
1 with gene-specific lentiviral short-hairpin RNAs resulted in enhanced cytokine and
chemokine synthesis, increased lipid loading, and augmented CDI11b expression,
demonstrating endogenous NR4A-factors to indeed inhibit macrophage activation, foam-
cell formation, and differentiation. Based on these results we hypothesized that NR4As
have an anti-inflammatory function in macrophages and are protective in vascular lesion
formation. So far, however, no in vivo data are available on functional involvement of
NR4A factors in T-cell and macrophage function in atherosclerotic lesions.

4. Future Directions and Clinical Perspectives for NR4A Nuclear Receptors

The NR4A nuclear receptors Nur77, Nurrl and NOR-1 are expressed upon activation of
specific cells crucial in basal metabolism and vascular lesion formation as reviewed in this
chapter. At present, relatively little is known on the genes that are regulated downstream of
these transcription factors, therefore gene expression profiling experiments in vascular cells
are warranted. NR4A nuclear receptors comprise unique structures in their ligand-binding
domains, which may exclude binding of traditional ligands, and the presence of a novel
molecule surface is predicted to interact with (novel) co-activator and co-repressor proteins.
Again, only limited knowledge is available on NR4A-interacting proteins, both at the C-
terminal and at the N-terminal (AF-1) domain, which may be subject of future studies to
reveal the exact mechanism of action of NR4As. Based on the knowledge that Nur77
promotes endothelial cell survival, inhibits SMC proliferation, enhances T-cell apoptosis,
and reduces the uptake of modified lipoproteins and the inflammatory response of
macrophages, we propose that Nur77 is protective in vascular disease. Modulating the
activity of NR4A nuclear receptors with small-molecule activators, such as 6-MP or DIM-
Cs, may therefore be considered as a rational objective to locally treat vascular lesion
formation.
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Abstract. At present there are about 250.000 patients with dementia in the
Netherlands. Sixty to 70% of these are diagnosed as patients with Alzheimer’s
disease (AD). Considering the relative increase in the number of elderly people the
prevalence of AD will only increase further.

One hundred years after the first description of AD the underlying
molecular mechanisms that finally result in the loss of higher cognitive functions
still remain to be clarified. At present there is no cure.

Accumulating evidence indicates a link between an aberrant brain
cholesterol metabolism and AD. Therefore, modulation of cerebral cholesterol
metabolism may be a possible novel strategy in the treatment of the disease. In the
present paper the role of cholesterol in AD and the possibilities to use it as a target
for treatment will be addressed.

Keywords. Alzheimer’s disease, cholesterol metabolism, apolipoprotein E

The german neurologist Alois Alzheimer in November 1906 first described the presence of
two characteristic neuropathological hallmarks in the brain of his first Alzheimer patient
after she died. These were so-called senile plaques, with amyloid-beta as the key protein,
and neurofibrillary tangles which are intraneuronal aggregates of an abnormal for of the
protein tau (Figure 1). Even now post-mortem the number of plaques and tangles in the
hippocampus is being used for the final diagnoses. However, some controversy remains
with respect to the contribution of both plaques and tangles to the progressive loss of
cognitive functions.

Senile plaque

~
Tangles

Figure 1. Senile plaques and fibrillary tangles in the brain of an Alzheimer patient.
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A strictly regulated brain cholesterol metabolism is required for optimal brain
functioning. Disturbances herein can lead to severe neurological diseases such as Smith-
Lemli-Opitz syndrome [1], Niemann-Pick type C1 [2] and Cerebrotendinous Xantomatosis
[3]. Recently accumulated evidence indicates an important role for an aberrant brain
cholesterol metabolism in the development and progression of AD [4,5].

The brain contains about 25% of all free cholesterol of the whole body, while they
only represent 2% of the total body weight. All cholesterol within the brain is synthesized
locally. The blood-brain barrier (BBB) prevents cholesterol from the circulation from
entering the brain [6]. In the brain cholesterol is predominantly present in membranes of
myelin and in neuronal and glial membranes, and in contrast with what was generally
assumed, it is constantly being replaced. There is a daily turnover of at least 6 mg
cholesterol, which is about 1% of the turnover in the rest of the body. Although, the
turnover of cholesterol in myelin membranes can be upto 3 years, in a subset of neurons it
can be as fast as in the rest of the body. Since cholesterol, in contrast with other lipids,
cannot be degraded in the human body, the excess cholesterol is being secreted from the
brain in the blood and finally via the liver is being released from the body [7]. About 60%
is being secreted in the form of the more polar cholesterol metabolite **S-
hydroxycholesterol (Figure 2) [8,9]. The other 40% is being secreted via another, yet
unknown route which may involve apolipoprotein E (ApoE). High concentrations of free
cholesterol can lead to the formation of crystals which are toxic to cells and to neurons in
particular [10,11]. Also oxysterols, such as 2*S-hydroxycholesterol, can be toxic for
neurons.
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Figure 2. Schematic representation of the cholesterol-turnover in the brain. All cholesterol is being
synthesized endogenously and is being secreted in the form of **S-hydroxycholesterol or via an alternative,
yet unknown, pathway

In 1993 the first indication pointing at a link between cholesterol and AD was
found. ApoE4, one of the three common forms of ApoE (E2, E3 and E4) was found to be
associated with an increased risk of developing AD [12,13]. ApoE is known predominantly
because of its role as a cholesterol transporter in the circulation [14]. Also within the brain
ApoE is thought to play an important role in the distribution of cholesterol and in the
transport of lipids across the BBB [15,16].
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The second indication for a link between cholesterol and AD came from
epidemiological studies. It was found that the use of cholesterol-lowering drugs, so-called
statins that are being used in the treatment of cardiovascular diseases, reduced the risk of
AD [17]. Statins were found to reduce the deposition of amyloid-beta in plaques in the
brain of AD-mouse-models [18]. These effects were ascribed to the cholesterol-lowering
effect of statins. In agreement high plasma cholesterol levels and high-fat intake were found
to be associated with an increased risk of AD [19]. Already 10 years ago Sparks et al
discovered plaques-like structures in brains of patients that died of cardiovascular diseases
and not in brain of patients with other causes of death [20]. High plasma cholesterol
concentrations results in an increased depositon of amyloid-beta in the brains of AD-
mouse-models [21,22]. Cholesterol itself was found to be present in plaques [23].

On the one hand disturbances in cholesterol metabolism appear to affect the
development and the progression of AD, but on the other hand a number of studies suggest
that alterations in cholesterol metabolism may be the result of the disease. Cerebrospinal
fluid of AD patients contains lower concentrations of cholesterol, phospholipids and fatty
acids and higher concentrations of **S-hydroxycholesterol [7,24-28]. A polymorphism in
the gene for 2*S-hydroxylase (CYP46), that converts cholesterol into **S-
hydroxycholesterol, was found to be associated with AD [29]. Moreover, the distribution of
this enzyme in AD brains differed from that in brains from non-demented patients. The
observation of an altered processing of cholesterol in fibroblasts from AD patients, suggest
that the changes do not remain restricted to the central nervous system [30].

It is not simply the level of cholesterol in the brain that affects the production and
deposition of amyloid-beta, but more its intracellular distribution. /n vitro studies show that
the cellular amount of cholesterol or the distribution across membranes directly affects the
splicing of amyloid from its precursor protein and on its aggregation [31-33]. Cholesterol-
depleted neurons produce less amyloid than cholesterol-rich neurons.

Therefore, alterations in brain cholesterol metabolism seem to affect the production
and deposition of amyloid. Alternatively, amyloid-beta also seems to directly affect
cholesterol synthesis [34]. The regulation of cholesterol metabolism in the periphery and
disturbances herein, have been investigated extensively. However, far less is known with
respect to the regulation of cholesterol in the brain, and in particular the alterations that
occur during aging or during the progression of AD.

As mentioned before, cholesterol metabolism in the brain is considered to be
autonomous. In line with this assumption we found that several-fold increased plasma
levels of cholesterol, its precursors and metabolites in ApoE-deficient mice, did not result
in any detectable alterations in levels of these sterols in the brain. Even after further
increase of plasma sterol levels by administration of a high-fat diet, did not result in any
changes in brain sterol levels (unpublished results). However, it did result in severe
neuropathology in ApoE-deficient mice but not in wild-type control mice [16].

Recently, we reported that alterations in serum sterol profiles induced via the diet,
can be accompanied by alterations in brain sterol profile. We found that increased plant
sterol levels in the circulation can lead to increased levels of these sterols in the brain [35].
Plant sterols are retrieved from plants and can therefore only be retrieved from the diet.
Since plant sterols have a structure very similar to that of cholesterol, up to recently it was
assumed that similar to cholesterol they could not cross the BBB.

Neurons reduce their cholesterol production after birth and subsequently astrocytes
provide them with cholesterol. Astrocytes secrete cholesterol associated with ApoE in the
form of High-Density-Lipoprotein-like particles, which are being internalized by neurons
via up to now largely unknown receptors [36-38]. It is thought that these particles deliver
cholesterol to neurons for the formation of new membranes during regeneration after injury
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or during the formation of synaptic contacts which occurs during a process called synaptic
plasticity. Synaptic plasticity is the reorganization of synaptic contacts, a process that
occurs in particular in the hippocampus, a brain region involved in learning and memory,
which is also one of the first to be affected during the progression of AD.

We wondered how neurons communicate with astrocytes in order to let them now
that they need cholesterol. In the human brain **S-hydroxycholesterol is specifically formed
in neurons [39]. **S-hydroxycholesterol is a natural ligand for the Liver X Receptors
(LXRs), so-called master regulators of cellular cholesterol homeostasis [40,41]. LXRs
belong to the nuclear hormone receptor superfamily. Two forms LXRalpha and LXRbeta
have been identified. Both are present in the brain and are thought to be involved in the
regulation of brain cholesterol homeostasis [42]. This is supported by the observation that
LXRalpha/beta-deficient mice display several defects in their central nervous system. These
include closed ventricles, lipid accumulation in astrocytes and around blood vessels,
proliferation of astrocytes and dysorganisation of myelin sheaths [43].

Our recent data show that in the brain **S-hydroxycholesterol that is derived from
neurons, signals to astrocytes and induces the secretion of ApoE-containing lipoprotein-like
particles via the LXR-pathway, in order to supply neurons with cholesterol required for
regeneration or for the formation of new synapses (Figure 3) [44].
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Figure 3. Schematic representation of cell-type specific effects of LXR-activation by 2*S-hydroxycholesterol
in astrocytes and neurons on the expression of LXR-target genes including ApoE and ATP-binding cassette
(ABC) transporters, as well as on cholesterol efflux.

Alterations in these processes may be involved in the development and the
progression of AD, and also in other neurodegenerative diseases.

Since disturbances in cerebral cholesterol metabolism may play an important role in
the progression of AD, modulation of hereof may be a possible novel strategy in the
treatment of the disease. Potential candidates include “statins” and pharmaceuticals that
interfere with the LXR-pathway.
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High doses of simvastatin were found to reduce cholesterol synthesis in the brain
[45]. Therefore, it was initially suggested that the beneficial effects of statins on the
developent of AD may be the result of its cholesterol-lowering effects [46]. However, it is
questionable if this is an advantage. The use of statins has also been associated with
memory complaints [47]. Furthermore, it was found that statins directly inhibit long-term
potentiation, which is regarded as a marker for synaptic plasticity a process required for
learning and memory processes [48]. In line Kotti ez al reported that cholesterol synthesis in
the brain is essential for learning processes. It is not cholesterol itself that is required but a
non-sterol by-product, the isoprenoid “geranylgeraniol” that is formed besides cholesterol
in the mevalonate pathway. The continuous production of small amounts of geranylgeraniol
and consequently, a continuous production of cholesterol, in a subgroup of neurons is
required for spatial, assocative and motor learning. Interesting is the notification that the
decrease in the cholesterol synthesis rate during aging may be associated with an increase
in loss of memory functions [49].

In contrast with the expectations lovastatin appeared to induce the deposition of
amyloid in brain of an AD-mouse-model, and George er al found that diet-induced
hypercholesterolemia reduced brain levels of amyloid in aged mice [50].

The beneficial effects of statins on the progression of AD are therefore, most likely
not the result of their cholesterol-lowering effect, but may be ascribed to their anti-
inflammatory properties or their modulating effects on the vessel wall.

Moreover, LXR-agonists may be promising tools in the treatment of AD. Activation
of the LXR-pathway via synthetic agonists was found to reduce the production of amyloid
in cultured neurons [51]. It was suggested that this resulted from an up-regulated expression
of ABCALI. If this needs to be accompanied by an enhanced neuronal cholesterol efflux
remains controversial [51-53]. Also in vivo in AD-mice LXR-activation was found to
reduce amyloid levels in the brain and in line its deposition [54]. Different molecular
mechanisms may underly these observations. As mentioned before, LXR-agonists may
exert their effects directly via an effect on neuronal cholesterol metabolism, which may
result in a reduced production of amyloid. LXR-activation may also up-regulate the
secretion of ApoE-associated lipoproteins from astrocytes which may bind amyloid-beta in
the interstitial fluid and thereby prevent its deposition. Another possibility is that LXR-
activation results in an enhanced secretion of amyloid-beta from the brain into the
circulation via an enhancing effect on the cholesterol-turnover in the brain (unpublished
results). It is thought that amyloid-beta is secreted from the brain together with cholesterol
[551.

The addition of supplements to the diet could be an alternative strategy to modulate
brain cholesterol metabolism, and thereby the development and/or the progression of AD.
This may be achieved for example via the addition of specific plant sterols or fatty acids
that have been found to affect the LXR-pathway [47,56].

Our present research focusses on the question if modulation of the LXR-pathway
can lead to enhanced learning and memory functions and on the prevention, retardation
and/or even restoration of neurodegenerative processes in models for AD.
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Abstract. The biology and role of peroxisome proliferator-activated receptors
(PPARs) for physiological and pathophysiological processes has been primarily
studied in peripherial organs and tissues. Little is known about the physiological role
of PPARs for brain development, maintainance and function. Lessions from
transgenic mouse models, however, provide evidence that PPARs may play pivotal
roles for CNS development and performance. Thus, knock-out of the PPARB/S
isoform results in disconnection of the two brain hemispheres and the expression
pattern of PPARy in late fetal development points to an important role for CNS
development.

Recently it became clear, that PPARs play an important role for the
pathogenesis of various disorders of the CNS. The finding that activation of PPARs,
and in particular of the PPARy isoform, suppresses inflammation in peripherial
macrophages and in models of human autoimmune disease, instigated the
experimental evaluation of these salutary actions for several CNS disorders that
harbor an inflammatory component. Activation of all PPAR isoforms, but especially
of PPARY, has been found to be protective in murine in vitro and in vivo models of
Multiple Sclerosis. The verification of these findings in human cells prompted the
initiation of clinical studies evaluating PPARy activation in Multiple Sclerosis
patients. Likewise, Alzheimer’s disease (AD) has a prominent inflammatory
component that arises in response to neurodegeneration and in particular to
extracellular deposition of B-amyloid peptides. The fact that non-steroidal anti-
inflammatory drugs (NSAIDs) delay the onset and reduce the risk to develop AD,
while they also bind to and activate PPARY, led to the hypothesis that one dimension
of NSAID protection in AD may be mediated by PPARY. Several lines of evidence
from in vitro and in vivo studies have supported this hypothesis, using AD-related
transgenic cellular and animal models. Principally, anti-amyloidogenic, anti-
inflammatory and insulin-sensitizing effects may account for the observed effects. A
number of clinical trials have been communicated with promising results and further
trials are in preparation, which aim to delineate the exact mechanism of interaction.
Animal models of other neurodegenerative disease such as Parkinson’s and
Amyotrophic Lateral Sclerosis, both associated with a considerable degree of CNS
inflammation, have been studied with a positive outcome. Yet, it is not clear whether
reduction of inflammation or other, to date unknown mechanisms, account for the
observed neuroprotection.

Keywords. Alzheimer’s disease, Multiple Sclerosis, Parkinson’s disease,
Amyotrophic Lateral Sclerosis, ischemic stroke

Introduction
Physiological Function of PPARs in the Brain

The peroxisome proliferator-activated receptors (PPARs) are ligand-inducible transcription
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factors which belong to the superfamily of phylogenetically related proteins termed nuclear
hormone receptors (NHR). As with other members of the NHR superfamily, comprising
steroid, thyroid and retinoid receptors, it is thought that the ability of PPARs to bind to a
ligand was acquired during metazoan evolution since these proteins are present in all
metazoan phyla. Three different PPAR isotypes (PPARa, PPARP, also called 5, and
PPARY) have been identified in various species. In rodents, PPARa, PPARB and PPARy
show unique spatio-temporal tissue-dependent patterns of expression during fetal
development in a broad range of cell-types having ectodermal, mesodermal or endodermal
embryonic origins. PPARs are involved in several aspects of tissue differentiation and
rodent development, such as the differentiation of the adipose tissue, brain, placenta and
skin (reviewed in [1]). Therefore, it appears that PPARa, B and y developed from a
common PPAR with broad ligand-binding specificity, itself derived from the ancestral
orphan receptor (reviewed in [2]).

PPARs regulate gene expression through multiple mechanisms and function as
obligate heterodimers with Retinoid X Receptors (RXRs). Like the other members of the
superfamily, PPARs are composed of four domains. The DNA-binding domain is highly
conserved and its zinc finger domain is a common attribute of all members of the NHR
superfamily. The DNA-binding domain is linked to the C-terminal ligand-binding domain
by the hinge region. The E/F domain is responsible for the dimerization of PPARs with
RXRs and the ligand-dependent transactivation function of the receptor, whereas the N-
terminal domain is involved in the ligand-independent regulation of the receptor activity
(reviewed in [3]).

PPARs bind to conserved DNA sequences termed peroxisome proliferator response
elements (PPREs) present in the promoter of target genes. In the absence of ligands, these
heterodimers are physically associated with co-repressor complexes which block gene
transcription [1]. In the presence of a ligand, these heterodimers associate with co-activator
complexes, thereby activating gene transcription. PPARs are also competent in regulating
gene expression independent of binding to PPREs. PPARy agonists are believed to suppress
immune responses principally through transrepression. Some agonists have been shown to
inhibit transcription factors including AP-1, STAT-1 and nuclear factor kB (NFxB) from
activating gene expression in a dose-dependent manner [4,5].

PPARs were initially reported to be induced by peroxisome proliferators, a group of
substances able to activate peroxisome proliferation. For now, various endogenous and
exogenous PPAR ligands were identified, including fatty acids, eicosanoids, synthetic
hypolipidemic and anti-diabetic agents (reviewed in [3]). Most of the PPAR target genes
are involved in various steps of lipid metabolism and energy homeostasis, which highlights
the importance of these receptors in vertebrate physiology (reviewed in [6]). The best
characterized functions of PPARs are the role of PPARa in fatty acid catabolism in the
liver, and the opposite but complementary role of PPARy in adipogenesis and fatty acid
metabolism and lipid storage. However, in addition to these functions, which are key
regulators in the maintenance of the energy balance in adult animals, PPARs were
demonstrated to be implicated in distinct aspects of rodent development (reviewed in [7]).

Binding of PPARs to their specific ligands leads to conformational changes which
allow co-repressor release and co-activator recruitment. Even though all PPARs can be
attributed to a common ancestral nuclear receptor, each PPAR isotype has its own
properties with regard to ligand binding. Synthetic thiazolidinediones (TZDs), which are
commonly prescribed for the treatment of type-2 diabetes, are selective PPARYy ligands.
Naturally occurring PPARy ligands include eicosanoids and the cyclopentenone
prostaglandin 15d-PGJ,. The best charcterized PPARy agonists are the TZDs including
troglitazone (Rezulin), pioglitazone (Actos) and rosiglitazone (Avandia) which are Food
and Drug Association (FDA) approved for treatment of type-2 diabetes. There is a number
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of non-TZD based PPARY agonists, such as GW78456, that have been developed. PPARa
ligands include fibrates that are commonly used for the treatment of hypertriglyceridemia
and the synthetic agonists WY 14,643 and GW7647. PPARPB/S agonists include the
prostacyclin PGI,, and synthetic agents including GW0742, GW501516, and GW7842. All
three PPAR isotypes can be activated by polyunsaturated fatty acids with different affinities
and efficiencies [8].

PPARa and vy transcripts appear late during fetal development of rat and mouse (day
13.5 of gestation), with a pattern of expression similar to their adult distribution. PPARa. is
found in the liver, the kidney, the intestine, the heart, the skeletal muscle, the adrenal gland
and the pancreas. PPARy expression is restricted to the brown adipose tissue (day 18.5 of
gestation), and to the CNS (day 13.5 to 15.5 of gestation). Compared to the two other
isotypes, PPARP/S is expressed ubiquitously and earlier during fetal development [9]. In
rodent adult organs, the distribution of PPARa is similar to its fetal pattern of expression.
In summary, PPARa is expressed in cells with high catabolic rates of fatty acids and
peroxisomal metabolism, such as in hepatocytes and cardiomyocytes. PPARy remains
restricted to the brown and white adipose tissue, and is expressed at lower levels in the
intestinal mucosa, the retina, the skeletal muscle and lymphoid organs. Similar to its fetal
distribution, the PPARPB/S transcript is present in all organs tested, and is often more
abundant than the PPARa and y transcripts [10].

The expression of the three PPAR isotypes peaks in the rat CNS between day 13.5
and 18.5 of gestation. Whereas PPARP/S remains highly expressed in this tissue, the
expression of PPARa and y decreases postnatally in this organ [11].

Little is known about the expression of the PPARs during human development [12-
14]. These data show that human PPARa is expressed in the adult liver, heart, kidney, large
intestine and skeletal muscle. PPARB/d mRNA is present ubiquitously, with a higher
expression in the digestive tract and the placenta. PPARYy is abundantly expressed in the
white adipose tissue, and is present at lower levels in the skeletal muscle, the heart and the
liver. Surprisingly, and in contrast to rodents, human PPARy seems to be absent from
lymphoid tissues, even though PPARy has been shown to be present in macrophages in
human atheroma.

Relatively high levels of PPARy are found in white and brown adipose tissue, and
the importance of PPARy in adipogenesis has been extensively studied and well
documented (reviewed in [15]). Due to the lethality of the PPARy”" embryos, alternative
mouse models were constructed to study the role of PPARY in vivo. In one of these models,
a PPARy null mouse surviving to term was obtained after selective rescue of the placental
defect. In these animals, brown and white adipose tissue was absent, whereas the
heterozygous mice developed both types of adipose tissues. The phenotype of PPARPB/S
null mice supports the hypothesis, that PPARB/S is a key player in adipocyte differentiation
upon stimulation by long-chain fatty acids, since these mice appeared to have reduced fat
stores [16].

All three PPAR isotypes are co-expressed in the nervous system during late rat
embryogenesis, and PPAR[/S is the prevalent isotype. During postnatal maturation and in
adult animals, only PPARP/S remains expressed at significant levels in this tissue. In retina,
all three receptors are expressed [11,17,18]. Even though this pattern of expression, which
is isotype-specific and regulated during development, suggests that the PPARs may play a
role during the formation of the CNS, their function in this tissue is still poorly understood.
Both in vitro and in vivo observations show that PPARB/S is the prevalent isoform in the
brain, and is found in all cell-types, whereas PPARa is expressed at very low levels
predominantly in astrocytes [19]. Acyl-CoA synthetase 2, which is crucial in fatty acid
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utilization, is regulated by PPARP/S at the transcriptional level, providing a facile measure
of PPARP/S action. This observation strongly suggests that PPARB/S participates in the
regulation of lipid metabolism in the brain. This hypothesis is further supported by the
observation that PPARPB/S null mice exhibit an altered myelination of the corpus callosum.
Such a defect was not observed in other regions of the CNS, and the expression of mRNA
encoding proteins involved in the myelination process remained unchanged in the brain
[20].

All PPARs, including PPARYy, have been described in the adult and developing
brain as well as in the spinal cord. Furthermore, it has been suggested that PPAR activation
in neurons may directly influence neuron cell viability and differentiation [21-25]. While
PPARP/S has been found in neurons of numerous brain areas, PPARa and y have been
localized to more restricted brain areas [26,27]. The localization of PPARs has also been
investigated in purified cultures of neural cells. PPARB/S is expressed in immature
oligodendrocytes, where its activation promotes differentiation, myelin maturation and
turnover [28,29]. The y isotype is the dominant isoform in microglia. Astrocytes possess all
three PPAR isotypes, although to different degrees depending on the brain area and animal
age [18,30]. The role of PPARs in the CNS is mainly been related to lipid metabolism,
however, these receptors have been implicated in neural cell differentiation and death as
well as in inflammation and neurodegeneration. The expression of PPARY in the brain has
been extensively studied in relation to inflammation and neurodegeneration [22]. PPARa
has been suggested to be involved in the acetylcholine metabolism [31] and to be related to
excitatory amino-acid neurotransmission and oxidative stress defense [26].

Role of PPARSs in Neuro-immunological Disease
Multiple Sclerosis and Experimental Allergic Encephalitis

Multiple Sclerosis (MS) is a chronic autoimmune disorder of the CNS that begins most
commonly in young adults and is characterized pathologically by multiple areas of white
matter inflammation, demyelination and glial scarring (sclerosis). It is well accepted that
pro-inflammatory cytokines play a key role in the pathogenesis of MS and experimental
autoimmune encephalitis (EAE), an established animal model of MS [32]. Several
cytokines including tumor necrosis factor o (TNFa), interferon y (IFNy), and interleukin 6
(IL-6) are regularly found in MS brain lesions and in spinal cord infiltrates of EAE mice.
The fact that PPARy agonists exert profound and long-lasting anti-inflammatory effects in
peripherial immune cells [33-35] and in models of autoimmune disorders including
inflammatory bowel disease [36], psoriasis [37] and adjuvant-induced arthritis [38],
instigated the experimental use of these drugs in in vifro and in vivo models of MS.
Moreover it has been demonstrated that expression of PPARy increases in microglia and
astrocytes during EAE, supporting a role of this receptor in modulating inflammatory
responses in MS [39].

PPARyin EAE

Using the synthetic PPARYy ligand troglitazone, Niino et al first demonstrated in the myelin
oligodendrocyte glycoprotein peptide 35-55 (MOGss.ss)-induced EAE model that activation
of PPARy limits the development of clinical symptoms and infiltration of brain parenchyma
by peripheral leukocytes [40]. While this study failed to detect any significant differences
in antigen specific T-cell proliferation between troglitazone-treated and untreated mice in
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vitro, it showed that troglitazone treatment significantly decreased TNFoa mRNA
transcription. Interestingly, Niino et a/ showed that treatment with troglitazone increased
the mRNA levels of PPARy, [40]. The potential therapeutic implication of this finding was
further supported by a study of Diab et al showing that the endogenous PPARy ligand 15d-
PGJ, inhibited T-cell proliferation and suppressed IFNy, IL-10 and IL-4 generation by
activated lymphocytes [39]. However, while 15d-PGJ, was initially thought to act as a
PPARy agonist, it is now apparent that the dominant action of 15d-PGJ, is to directly
inhibit IKK, a key enzyme for the initiation of NFkB signalling as well as modification of
IxB [5]. It is presently not clear whether 15d-PGJ,-mediated protection is due to PPARy
activation or IKK inhibition. Feinstein and colleagues were then the first to show that oral
pioglitzone treatment of MOGs;s.s5s immunized mice not only reduced brain inflammation
and leukocyte infiltration, but protected from axonal demyelination [41]. While
pioglitazone protected in both, monophasic and remittent EAE models in this study, the
important finding was that the drug, even when given at the peak of the clinical disease, led
to a rapid improvement of symptoms [41]. Interestingly, rosiglitazone did not show a
similar protection from clinical EAE symptoms as pioglitazone or GW7845 within the first
two weeks of MOGss.ss-induced EAE, a phenomenon that may be explained by the limited
blood-brain barrier penetration of this substance. As shown for 15d-PGlJ,, pioglitazone
suppressed the IFNy secretion of splenic T-cells stimulated by MOGss.ss in vitro [41].

In EAE and MS, inflammatory activation of resident endothelial and glial cells as
well as infiltrating leukocytes contribute to demyelination and destruction. The entry of
peripherial cells into the CNS is stimulated and modulated by the release of chemotactic
cytokines (chemokines) (for review see [42]). PPARy agonists have been shown to reduce
the expression of the monocytic chemoattractant MCP1 [43], IP10 (CXCL3), MIG and I-
TAC [44]. Supporting the hypothesis that a suppressed generation of chemotactic
molecules contributes to the reduced infiltration observed in response to treatment with
synthetic PPARy ligands troglitazone and pioglitazone, a decrease in the mRNA levels for
MIP1o and RANTES, both key chemokines in the MOGss.ss-induced EAE model, has been
observed [41]. Most of these studies were either performed with synthetic PPARy agonists
or 15d-PGlJ,, this latter compound can act principally by PPARy-independent mechanisms
[45]. However, Bright and colleagues reported that PPARy-deficient heterozygous
(PPARY(+/-)) mice developed an exacerbated phenotype in the EAE model [46], supporting
the hypothesis that the observed effects are indeed due to PPARy activation. In particular
the PPARy(+/-) mice revealed an increased and prolonged phase of clinical symptoms,
more inflammation and demyelination of spinal cord sections and an increase in T-cell
proliferation and Th1 response upon MOG peptide stimulation when compared to PPARy
wild-type littermate controls. In a very recent report, Raikwar and colleagues found that
PPARy antagonists, bisphenol A diglycidyl ether and 2-chloro-5-nitro-N-(4
pyridyl)benzamide reversed the suppression of EAE by the PPARy agonists ciglitazone
[47], providing further evidence for PPARy-dependent TZD effects in murine EAE.

Human Multiple Sclerosis

Since cytokine expression in peripheral blood mononuclear cells (PBMCs) from MS
patients correlates well with disease activity and precedes the onset of clinical symptoms up
to 4 weeks [48], experimental modulation of PBMC proliferation and inflammatory
reaction upon immunostimulation is a useful tool to investigate possible treatment options
for this disorder. Schmidt and colleagues compared the immunomodulatory effects of
pioglitazone and ciglitazone and the non-thiazolidinedione PPARy agonist GW347845 on
human T-leukemia cells (Jurkat cells) and phytohemaglutinin (PHA)-stimulated PBMCs
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derived from 21 MS patients and 12 healthy donors [49]. In this study all drugs suppressed
PHA-induced T-cell proliferation by 40-50% and secretion of IFNy and TNFo by 30-50%.
However, when PBMCs were pre-incubated with PPARY agonists for 48 hours, inhibition
of proliferation and cytokine secretion were completely abolished, indicating a sensitizing
effect of PPARy activation. The anti-proliferative effects of pioglitazone and GW347845
were accompanied by a decrease of cell viability. Electron microscopy and Western blot
analysis revealed DNA condensation and down-regulation of bcl-2 suggesting the induction
of apoptosis in activated T-lymphocytes [49].

As a striking finging, anti-inflammatory effects of pioglitazone treatment were
significantly reduced in MS patients when compared to healthy controls. Surprisingly
PBMCs from MS patients exhibited a strong reduction in PPARy expression [50].
Furthermore, inflammatory stimulation of PBMCs from healthy controls resulted in loss of
PPARy, a phenomenon that was previously observed in adipocytes and bone marrow
stromal cells [51-53]. Co-incubation with pioglitazone did not prevent the inflammation-
induced loss of PPARy, while pre-incubation with the drug stabilized PPARy levels.
Importantly, long-term oral pioglitazone treatment prevented the PHA-induced loss of
PPARy expression in PBMCs from diabetic patients, demonstrating that the concentrations
of pioglitazone achieved by a standard oral treatment in humans are sufficient to protect
from inflammation-induced loss of PPARY. Reporter gene assays revealed increased
PPARYy; promoter activity after pioglitazone pre-incubation. These results suggest that after
inflammatory stimulation PPARy, promoter activity is suppressed resulting in decreased
PPARy expression levels. Significantly, this inflammation-induced decrease in PPARy
expression can be prevented either by pre-incubation with pioglitazone in vitro or by oral
treatment with pioglitazone as demonstrated in PBMCs derived from diabetic patients.
Differences in PPARY expression and promoter activity were accompanied by changes in
PPARy DNA-binding activity, as pre-incubation with pioglitazone increased DNA-binding
of PPARYy. Additionally, pre-incubation decreased NFkB DNA-binding activity to control
levels, while the levels of the inhibitory protein, IkBa, were increased. In MS patients,
pioglitazone-induced increase in PPARy DNA-binding activity and corresponding decrease
in NFkB DNA-binding activity was only observed in the absence of an acute MS relapse.
These results suggest that the sensitizing effect observed in the pre-incubation experiments
is mediated by prevention of inflammation-induced suppression of PPARy expression with
consecutive increase in PPARy DNA-binding activity.

The aforementioned in vitro and in vivo experiments suggest that PPAR activation
may be used as a new therapeutic avenue in the treatment of MS. Treatment of a single
patient with pioglitazone has been reported as an index case [54]. In this report, oral
pioglitazone treatment increased the body weight along with an improved motor strength
and coordination. There were no adverse events and the clinical benefits were persistent
over the entire observation period of three years in this patient.

Role of PPARs in Neurodegenerative Disorders
Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of dementia. The number of
individuals with the disease is dramatically increasing throughout the developed world. The
large number of affected individuals and the increasing prevalence of the disease present a
substantial challenge to health care systems and do so in the face of substantial economic
costs. The drugs that are now in use to treat the disease are principally targeted at
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symptomatic improvement of the patients. These agents typically have modest therapeutic
efficacy over rather short periods. Moreover, only a subset of patients responds positively
to this therapy. Thus, the development of new therapeutic approaches to the disease is of
critical importance.

PPARy agonists have been advanced as a new therapeutic and disease process
altering approach to AD. Several different mechanisms have been postulated to account for
the actions of PPARy agonists in AD. The initial studies exploring the actions of PPARy in
AD were based on the ability of non-steroidal anti-inflammatory drugs to activate this
receptor. There are a number of compelling epidemiological studies that demonstrate the
NSAID treatment reduces AD risk by as much as 80% and it was suggested that these
effects might arise from the ability of these drugs to stimulate PPARy activation and to
inhibit inflammatory responses in the AD brain [55-58]. AD has a significant inflammatory
component, which has been associated with amyloidosis and neuronal loss [59] and
proposed as a future therapeutic target [60]. Amyloid plaques within the brain are populated
by abundant, activated microglia and astrocytes. In addition, neuronal expression of
inflammatory enzyme systems including iNOS has been described in AD [61-63]. The
experimental expression of iNOS in neurons resulted in time-dependent neuronal cell death
which was prevented by activation of PPARY in vitro and in vivo [22,64]. PPARYy activation
in microglial cells suppressed inflammatory cytokine expression, iNOS expression and NO
production and inhibition of COX2 and subsequent generation of immunostimulated
prostanoid synthesis [65].

These latter effects are a result of the ability of PPARy to suppress the promoters of
pro-inflammatory genes through antagonism of the actions of the transcription factors
NF«B, AP-1 and STAT [66]. PPARY agonists have been demonstrated suppress the AB-
mediated activation of microglia in vitro and prevent cortical or hippocampal neuronal cell
death [65,67,68]. In a rat model of cortical AP injection, co-injection of ciglitazone and
ibuprofen or oral administration of pioglitazone potently suppressed acute Af-evoked
microglial cytokine generation. Interestingly, all PPARy agonists used in this study
increased the levels of IkBa and IkBf and finally reduced the nuclear translocation of
NF«B [69].

The effects of the PPARY agonists have been investigated in animal models of AD
that over-express human APP. These initial studies employed the PPARy agonist
pioglitazone as it is reported to pass the blood-brain barrier (BBB), although its penetrance
is limited [70]. The first reported study used the Tg2576 mice one year of age, which were
then treated for 6 months with oral pioglitazone. Drug treatment was associated with a
small reduction in soluble AP levels with no effect on AP plaque levels or inflammatory
markers [71]. The modest effects of pioglitazone in this study were thought to be due to
poor drug penetrance into the brain. A subsequent study by Heneka et a/ found that
treatment with a significantly larger dose of pioglitazone in APPV717I transgenic mice at
one year of age resulted in a profound reduction of activated microglia and astrocytes and a
significantly reduced AP plaque burden [72]. The finding that PPARy agonists elicited a
reduction in amyloid pathology in animal models of the disease may be the result of the
ability of PPARy to affect AP homeostasis. It has recently been reported that PPARy
agonists inhibit AP production that is stimulated by inflammatory cytokines. Sastre et al
provided evident that this effect was the result of inhibition of beta secretease (BACEI)
expression through a PPARy-dependent suppression of the BACE gene promoter [73,74].
In line with this, Heneka et al found that oral pioglitazone treatment of APP transgenic
mice reduced BACEI transcription and expression [72]. A series of independent studies
found that PPARy activation regulated both cellular APP levels and AP production by
stimulating the ubiquitin-mediated degradation of APP [75]. A recent study has found that
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PPARy is associated with enhanced A clearance [76]. Camacho and colleagues reported
that PPARY activation, in both glia and neurons, led to the rapid and robust uptake of AP,
leading to its clearance from the medium. The cellular mechanisms that are responsible for
this effect are yet unknown [76].

Pedersen and colleagues have demonstrated that rosiglitazone treatment of Tg2576
mice results in improved behavioral performance. They found that treatment with
rosiglitazone for 4 months resulted in enhanced spatial working and reference memory [77].
Significantly, drug treatment was associated with a 25% reduction in A4, levels,
however, AB.40 levels were unaffected. The reduced A4, was argued to arise from an
increase in the levels of insulin degrading enzyme (IDE) in rosiglitazone-treated transgenic
mice. IDE acts to proteolytically degrade amyloid peptides and has been genetically linked
to AD [78].

The outcome of two clinical trials of the PPARy agonist rosiglitazone in AD have
recently been reported [79,80]. These studies reported that rosiglitazone therapy improves
cognition in a subset of AD patients. Rosiglitazone does not pass the BBB [79,81], and this
has been a confound in interpreting the CNS actions resulting from the administration of
this drug. These data were interpreted as evidence for a significant role for peripheral
insulin sensitivity in cognition. AD risk and memory impairment is associated with
hyperinsulinemia, and insulin resistance features which characterize type-2 diabetes
[82,83]. Indeed, type-2 diabetes is associated with increased risk of AD [82,84]. These
linkages led to the initiation of clinical investigations of insulin-sensitizing TZDs currently
in clinical use for the treatment of type-2 diabetes. The results are a pilot clinical trial
examining the effects of 6 months of treatment with rosiglitazone on cognition and memory
in AD patients [80]. This small study of 30 patients with mild AD or MCI found that
rosiglitazone therapy resulted in improved memory and selective attention. A pilot clinical
trial of pioglitazone in AD patients has been completed [85]. A large trial of rosiglitazone
in AD patients has recently been reported [79]. Risner et a/ examined the effect of
rosiglitazone treatment in more than 500 patients with mild to moderate AD. The patients
were treated for 6 months with rosiglitazone [79]. Drug treatment resulted in a statistically
significant improvement in cognition in those patients that did not possess an ApoE4 allele.
Patients with ApoE4 did not respond to the drug and showed no improvement in standard
cognitive tests. Risner et al suggested that rosiglitazone acts on mitochondria in the brain,
increasing their metabolic efficiency and number [79]. This explanation remains
unsatisfying as there is no evidence that peripherally delivered rosiglitazone can directly act
in the brain. The actions of TZDs on mitochondria are largely PPARy-independent (see
review [86]). This hypothesis is reliant upon penetrance of the drug into the brain and this
is problematic as rosiglitazone does not pass the BBB [80,87]. The basis of the differential
effects of rosiglitazone in individuals depending on their ApoE genotype is unexplained.
The outcome of this clinical trial is, however, consistent with previous findings with respect
to the influence of the ApoE4 genotype [88-90].

Parkinson’s Disease

Parkinson’s disease (PD) is a disabelling age-related, degenerative movement disorder of
the CNS that is characterized clinically by tremor, bradykinesia and rigidity and disturbed
postural reflexes. The pathological hallmark of idiopathic PD is the loss of dopaminergic
neurons in the substantia nigra pars compacta. Excitotoxicity, oxidative phosphorylation,
the production of reactive oxygen intermediates (ROIs) and apoptosis may significantly
contribute to neuronal cell degeneration. Insights into the pathogenesis of PD have been
achieved experimentally by using the neurotoxin 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) in mice. It has been shown that NO acts as an important
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mediator of MPTP toxicity in dopaminergic neurons [91-93]. Further studies suggested that
neuro-inflammatory changes accompanied by microglial and astroglial iNOS expression,
may play a pivotal role in Parkinson’s disease [94] and MPTP-induced toxicity [95,96].
Since PPARy activation results in a profound suppression of iNOS in peripheral
macrophages [33,35], as well as in models of neuro-inflammation [22,69], MPTP-treated
mice were treated with synthetic PPARy ligands to test the hypothesis that PPARYy-
mediated anti-inflammatory effects would exert neuroprotection. Breidert and colleagues
found that pioglitazone treatment protected from MPTP-induced dopaminergic cell death in
the substantia nigra pars compacta [97]. This finding was confirmed by Dehmer and
colleagues who demonstrated PPARy expression in the striatum and the substantia nigra in
vehicle- and MPTP-treated mice [98]. In this study, pioglitazone also protected tyrosine
hydroxylase-positive substantia nigra neurons from MPTP-induced cell death. However, in
both studies, the decrease in striatal dopamine was only partially prevented. Pioglitazone
decreased microglial and astrocyte activation and reduced the number of iNOS-positive
cells in both the striatum and substantia nigra pars compacta [97,98]. In part, iNOS
suppression in MPTP-treated mice may have been achieved by reduced NF«xB-dependent
signal transduction, since pioglitazone treatment induced a striatal increase of IkBa, a
direct inhibitor of NFkB nuclear translocation.

Recent evidence suggested that medication with NSAIDs, and in particular
ibuprofen, may delay or prevent the development of PD [99,100] through mechanism
similar to NSAID protection in AD (see above). Since Ibuprofen passess the BBB and
potentially acts as a PPARy agonist [101] it is possible that PPAR activation contributes to
the observed beneficial effect on PD epidemiology. Taken together, these data suggest that
treatment with PPARy agonists may offer a new therapeutic avenue in the treatment of
Parkinson’s disease.

Amyotrophic Lateral Sclerosis

Amyotrophic Lateral Sclerosis (ALS) represents a fatal neurodegenerative disorder
characterized by progressive death of the upper and lower motor neuron. Because
increasing evidence suggested that accompanying inflammation may interact with and
promote neurodegeneration [102,103], anti-inflammatory treatment strategies are being
evaluated in transgenic mouse models of ALS. As for AD, it has been the potent anti-
inflammatory action of PPARy agonists that prompted experiments which tested whether
SOD1-G93A transgenic mice, an established mouse model of ALS, benefit from oral
treatment with the PPARy agonist pioglitazone [104,105]. Both studies independently
found that oral treatment with the PPARy agonist pioglitazone extended the survival of
SOD1-G93A mice. Pioglitazone treatment delayed the onset of disease and prevented the
decrease of body weight in comparison to untreated SOD1-G93A mice. Quantification of
motor neurons of the spinal cord revealed neuroprotection by pioglitazone, whereas non-
treated SOD1-G93A mice had lost 30%-40% of motor neurons at a comparable time point
of the disease [104,105]. This was paralleled by preservation of the median fiber diameter
of the quadriceps muscle indicating not only morphological but also functional protection
of motor neurons by pioglitazone [105]. This finding was further substantiated by improved
motor performance in the Rotarod test [104] and in the grip latency test [105]. Activated
microglia were significantly reduced at sites of neurodegeneration in pioglitazone-treated
SOD1-G93A mice, as were the protein levels of COX2 and iNOS. Kiaei et a/ also provided
evidence that NO-dependent peroxynitrite generation was reduced in response to
pioglitazone [104]. Interestingly, mRNA levels of the suppressor of cytokine signalling 1
and 3 genes were increased by pioglitazone, whereas both the mRNA and protein levels of
endogenous mouse SOD1 and of transgenic human SODI1 remained unaffected [105].
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While the underlying mechanisms may not be fully understood yet, together, both studies
suggested that ALS patients may benefit from treatment with this PPARY agonist. The fact
that pioglitazone has been approved for the treatment of type-2 diabetes has prompted a
first clinical trial (GERPALS, german pioglitazone study in ALS) which started to enroll
patients late 2006.

PPARs in Cerebral Ischemia

Stroke and ischemic damage to the brain is one of the major causes of disability and there
are few therapeutic options available for these patients. Ischemic damage arises from
impaired blood flow to the brain and elicits the immediate recruitment of neutrophils within
a few minutes followed by infiltration of the ischemic tissue by monocytes/macrophages to
the site of damage over the next few hours [106]. Ischemia also results in the activation of
endogenous microglia in the first hours following the insult. The peripheral leukocytes and
microglia mount a robust inflammatory response with the induction of cytokine and
chemokine expression as well as elevated expression of adhesion molecules, iNOS, COX2
and other inflammatory mediators which act to exacerbate the tissue damage [107-109].
Importantly, a number of studies have demonstrated that suppression of the inflammatory
response ameliorates stroke damage and improves clinical outcomes [110-114]. In line with
the above mentioned neurological disorders, the rationale for the use of PPARy agonists
arises principally from the anti-inflammatory actions of these drugs [115].

Experimental Stroke Models

Sundararajan and colleagues first demonstrated that treatment with three different TZD
PPARy agonists, administered intraperitoneally, resulted in reduced infarct volumes and
improved sensorimotor function in a rodent middle cerebral artery occlusion (MCAO)
[116,117]. The salutary action of the drugs was associated with reduced infiltration of
peripheral leukocytes, diminished microglial activation and reduction of iNOS, COX2 and
cytokine expression. Similar effects were observed following oral [118] or
intracerebrovascular [119] drug administration. The effects of PPARy agonists have been
shown to be due to direct effects on PPARy [120] and are exhibited by both TZD and non-
TZD PPARYy agonists [120]. A number of additional studies have validated these findings
[121-124].

The principal focus of studies of PPAR agonists have been on agonists of the
PPARYy isoform, however, Deplanque et al reported that chronic treatment with the PPARa
agonist fenfibrate conferred reduced susceptibility to stroke and reduced infarct size [125].
PPARa agonists were also reported to reduce stroke-related oxidative damage [126].
Recently Arsenijevic and colleagues have explored the role of PPARP/S in stroke and
found that PPARPB/S null mice exhibited significantly greater infarct sizes than wild-type
animals, suggesting a neuroprotective role for this receptor and that its agonists may be of
utility in stroke [127].

Epidemiology and Clinical Evidence

The outcome of a large clinical trial (PROactive) has recently been reported and
demonstrated that pioglitazone significantly reduces the combined risk of heart attacks,
strokes and death by 16% in high risk patients with type-2 diabetes [128]. A small clinical
trial has revealed that diabetic patients receiving pioglitazone or rosiglitazone showed
improved functional recovery after stroke compared to patients not receiving TZD therapy
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[129]. An NIH sponsored trial is currently testing the ability of pioglitazone to decrease
stroke incidence in non-diabetic patients with insulin resistance. A recent report suggests
that the Pro12Ala polymorphism of PPARY; is associated with a reduced risk for ischemic
stroke [130], further supporting the importance of PPARSs in cerebral ischemia.
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Abstract. Circadian patterns of cardiovascular vulnerability have been well
documented, with a peak incidence of cardiovascular events in the morning. Recent
studies have outlined the importance of the “Clock genes” in the development of
metabolic disorders predisposing to atherosclerosis. Rev-erba is a nuclear receptor
that regulates hepatic and adipose lipid metabolism as well as vascular
inflammation. Recent findings identify Rev-erba also as a major regulator of the
circadian regulation of metabolic pathways. Moreover, cross-talk between Rev-erbo
and other nuclear receptors well described as key regulators of atherosclerosis may
converge to integrate metabolic and circadian signals.
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Abbreviations

cardiovascular disease (CVD), nuclear receptor (NR), suprachiasmatic nucleus (SCN),
cryptochrome (Cry), period (Per), thyroid receptor (TR), RAR-related orphan receptor
(ROR), endothelial cells (ECs), vascular smooth muscle cells (VSMCs), interleukin (IL),
tumor necrosis factor (TNF), nuclear factor kB (NFxB), cycloxygenase (COX), staggerer
(sg/sg), plasminogen activator inhibitor 1 (PAI-1), apolipoprotein (Apo), peroxisome
proliferator-activated receptor (PPAR), CCAAT/enhancer-binding protein (C/EBP),
differentiation-dependent factor 1/sterol regulatory element-binding protein (ADD-
1/SREBP-1).

Introduction

In mammals, including humans, many physiological processes are under the control of day-
night rhythms. Hormone secretion, lipid and carbohydrate metabolism, feeding behaviour
and blood pressure are some examples of processes subject to daily variations [1]. As a
consequence, many diseases display symptoms and onset characteristics which are not
randomly distributed within a 24 hours period. In particular, circadian patterns of
cardiovascular vulnerability have been well documented, with a peak incidence of
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cardiovascular events such as myocardial infarction, sudden cardiac death and stroke higher
early in the morning than in other day times [2,3]. Epidemiological and pathophysiological
studies also indicate a causal link between disrupted biological timing and the metabolic
syndrome, which is associated with an increased risk of accelerated atherosclerosis and
cardiovascular disease (CVD) [4]. The metabolic syndrome describes a complex of
metabolic abnormalities, including obesity, diabetes, hypertension, and dyslipidemia, in
which insulin resistance is central.

Molecular mechanism of circadian rhythmicity is modelled by a
transcription/translation feedback oscillator in which Rev-erba has been identified as a
critical regulator and target of the Clock genes [5]. Rev-erba is a member of the nuclear
receptor (NR) superfamily. Although its biological function remains largely unknown, Rev-
erba has been implicated in lipid metabolism, adipogenesis and vascular inflammation
[6-9]. This review discusses the scientific rationale behind circadian cycling and CVD
events/risks and examines the contribution of Rev-erba as a molecular integrator between
these biological pathways.

Rev-erba: A Critical Regulator and Target of the Clock Genes

Circadian rhythms are generated by a pacemaker located in the suprachiasmatic nucleus
(SCN) of the hypothalamus. Light acts as the primary stimulus to synchronise the internal
clock with the environment. Specialised cells of the retina detect the light and transmit
information along the retinohypothalamic nerve tract to the SCN. In addition, circadian
oscillators have been described in many peripheral tissues such as liver, adipose tissue and
heart with different phases from those observed in the SCN.

The central component of the circadian period is a molecular oscillator generated by
autoregulatory feedback loops of Clock gene expression. In mammals, Bmall and Clock
activate transcription of the cryptochrome (Cry) and period (Per). Once the Per and Cry
proteins have reached a critical concentration, they inhibit their own synthesis through post-
translational regulation [10]. Rev-erba transcription is activated by Bmall-Clock
heterodimer and inhibited by Cry and Per proteins resulting in oscillation of the Rev-erba
gene expression. In turn, Rev-erba. represses Bmall and also Clock gene expression, so
linking the positive and negative limbs of the feedback loops [5].

Rev-erba deficient mice present a drastic reduction of circadian rhythms in the
transcription of Clock and Bmall, whereas no arrhythmic behaviour was observed when
mice are placed in a constant environment [5]. However, Rev-erba knock-out mice display
a significantly shorter period length than wild-type animals. Interestingly, transgenic mice
expressing multiple Clock gene copies show a similar phenotype [11]. So, even if Rev-erba
is not required for basic oscillator function, it is critical for the robustness of the oscillation
and the resynchronisation of the circadian timing [5].

Rev-erba: An Atypical Nuclear Receptor

The NR superfamily is composed of transcription factors that have emerged as key
regulators of metabolism, inflammation and cell differentiation. In addition to the well-
known ligand-activated NRs, several members within this superfamily, such as Rev-erbs,
have no identified ligand and are referred to as « orphan NRs ». The Rev-erb subfamily
contains two members: Rev-erba (NR1D1) [12] and Rev-erbp (NR1D2) [13]. Both mouse
and human homologues of Rev-erba are encoded on the opposite strand of the thyroid
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receptor (TR) a gene, that encodes TRal and its splice variant TRa2 [12]. Rev-erba and
TRa2 mRNA products have a 269 nucleotides overlap and Rev-erbao mRNA inhibits the
splicing reaction that generates TRa.2 in vitro [14]. Rev-erba is highly expressed in adipose
tissue, skeletal muscle, brain and liver and its expression is induced during adipocyte
differentiation [12]. Onishi e al have shown that Rev-erba displays circadian expression
profile in the SCN of mouse brain [15]. In addition, in rat liver as well as in cultured human
primary hepatocytes and rat fibroblasts Rev-erbo expression oscillates with a circadian
rhythm [16,17]. Recently, it has also been described a robust circadian expression of Rev-
erba in murine brown, inguinal, and epididymal adipose tissues [18].

Molecular modelling of the putative ligand-binding domain of Rev-erba suggests
that the ligand pocket is occupied by amino-acid side chains and that the small residual
cavity is unlikely to bind a classical ligand [19]. Therefore, regulation of Rev-erba
expression and/or post-translational modifications constitutes a crucial step for this receptor
activity control. Notably, phosphorylation of Rev-erba protein stabilizes its expression and
thus is an important level of control of its activity [20]. Moreover, Rev-erba and [ are the
only members in the NR family that lacks the AF-2 domain and according to modelling
studies; Rev-erbs have revealed a very hydrophobic surface due to the absence of helix 12
via which co-repressors are recruited. As a consequence, Rev-erbs act as negative
regulators of transcription after binding either as a monomer to a response element
composed of the consensus half-site motif (A/G)GGTCA preceded by an A/T rich 5’
sequence (RevRE), or as a homodimer to a direct repeat of the core motif spaced by two
nucleotides (Rev-DR2) [21]. Other closely related nuclear receptors, RAR-related orphan
receptors (ROR) bind to the same response elements, but have opposite effects on
transcription [13]. Interestingly, RORa activates Rev-erba transcription [22] and Rev-erba
represses its own expression [23] binding on the same site.

Rev-erba: An Integrator between Cardiovascular Disease Events and Circadian
Rhythmicity

Atherosclerosis, the main origin of CVD, is a long-term chronic disease characterized by
the accumulation of lipids and fibrous connective tissue in the large arteries, accompanied
by a local inflammatory response [24]. Under basal conditions, the endothelium forms a
relatively impermeable barrier between the circulating blood and the vessel wall.
Endothelial injury is thought to be the primary event in atherosclerosis which leads to the
attraction, recruitment and activation of different cell-types, including
monocytes/macrophages, T-lymphocytes, endothelial cells (ECs) and vascular smooth
muscle cells (VSMCs). The activation of these cells leads to the release of pro-
inflammatory molecules, such as cytokines, and the onset of a chronic inflammatory
response. Rev-erba is expressed in ECs and VSMCs [6] and its expression has been
recently reported in murine bone marrow-derived macrophages and in human peripheral
blood mononuclear cells [25,26].

An important occurrence in patients with acute myocardial infarction is the
recruitment and the activation of leukocytes in the injured tissue [24]. Both immune cell
number and immune functions vary during the 24-h circadian period [27]. Indeed, the
nocturnal peak of inflammatory activity such as interleukin (IL)-6 expression could be
associated with a greater incidence of CVD risk, possibly causing inflammation of the
atherosclerotic plaques and favouring the triggering of an acute coronary syndrome. Migita
et al have shown that Rev-erba potentiates the tumor necrosis factor (TNF)a-induced
nuclear factor (NF)-kB activation in VSMCs [6]. In these cells, transient over-expression of
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Rev-erba.  up-regulated inflammatory markers gene expression (e.g. IL-6 and
Cycloxygenase(COX)-2)) via induction of NF«B nucleus translocation. RORa is also
expressed in vascular cells, where it suppresses TNFa-induced expression of pro-
inflammatory genes such as IL-6 and COX2 [28-30].

In addition, the biological effects of cytokines have been shown to change during
the light/dark cycle due to changes in physiological cortisol levels [31]. Interestingly, Rev-
erba expression was previously shown to be down-regulated by glucocorticoids [16]. In
addition, mice treated with a synthetic glucocorticoid, prednisolone display repressed Rev-
erba and Bmall expression [32]. The staggerer (sg/sg) mutant mouse, homozygous for a
deletion in the RORa gene, overproduces inflammatory cytokines and lacks the diurnal
shift in corticosterone levels [33]. This feature might be related the role of RORa in the
regulation of circadian rhythm in SCN. Indeed, as previously shown for Rev-erba,, RORa
regulates Bmall expression [34]. The competing activities of Rev-erbs and RORs on the
same promoter element drive the rhythm in Bmall transcription [35]. Cross-talk between
Rev-erba and RORa activities may thus integrate the circadian rhythm regulation of
cortisol secretion and the inflammatory response.

The morning excess of cardiac events may also result from a natural circadian
variation in fibrinolytic activity. Plasminogen activator inhibitor 1 (PAI-1) is a major
inhibitor of fibrinolysis and several lines of evidence suggest that elevated PAI-1 may
indeed promote the development of atherothrombosis [36]. PAI-1 exhibits a diurnal pattern
in its expression and regulation of its expression by Rev-erba therefore represents a novel
role of this NR as an integrator between the circadian clock and CVD [37]. Interestingly,
PAI-1 regulation by Rev-erba is another example in which Rev-erba acts by blocking
RORao-mediated activation [37].

Rev-erba: A Link between Transcription Factors of the Clock Machinery and
Nuclear Receptors Controlling Metabolism

In addition to cardiovascular events, many risks predisposing to CVD are controlled by
circadian rhytmicity. Dysregulation of metabolic pathways, such as metabolism of glucose,
cholesterol and fatty acids results in the development of dyslipidemia, insulin resistance,
obesity and hypertension. These disorders often occur simultaneously and have therefore
been grouped under the term “metabolic syndrome”, which is associated with an increased
risk of accelerated atherosclerosis and CVD.

Clock genes show patterns of rhythmic expression in peripheral organs, such as
liver and adipose tissue [18,38], two organs in which Rev-erba is highly expressed. Indeed,
it has been recently shown a robust and coordinated expression of circadian oscillator genes
in murine brown, inguinal, and epididymal adipose tissues [18]. These rhythms correlate
with respective gene expression in liver and with the serum markers of circadian function.
In obese and diabetics animals, the rhythmic expression of adipocytokines that control
energy homeostasis, glucose and lipid metabolism are disturbed [39].

The presence of circadian oscillator genes has significant metabolic implications,
and their characterization may have potential therapeutic relevance with respect to the
pathogenesis and treatment of the metabolic syndrome [4]. Indeed, it has been
demonstrated that an animal model with a known circadian dysregulation displays
metabolic problems [40-42]. Turek ef al have shown that mice homozygous for a loss-of-
function mutation in the Clock gene have altered patterns of food intake: they eat too much,
become obese and develop metabolic syndrome metabolic syndrome features such as of
hyperleptinemia, hyperlipidemia, hepatic steatosis, hyperglycemia, and hypoinsulinemia.
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Similar observations have been obtained with Bmall [41]. Indeed, Rudic ef a/ have found
that mutations in Bmall and Clock not only modified the diurnal variation in levels of
plasma glucose and triglycerides, but also influenced the development of glucose
intolerance and insulin resistance in response to a high-fat diet [43]. A central issue is now
to identify and understand the molecular mechanism that link master Clock genes such as
Clock and Bmall to metabolic outputs.

Interestingly, besides its role in circadian regulation, Rev-erba has also been
implicated in the control of several aspects of lipid homeostasis such as lipoprotein
metabolism and adipocyte differentiation. ApoC-III gene expression, a major constituent of
triglyceride-rich remnant lipoproteins, is repressed by Rev-erbo [7]. Elevated serum levels
of triglyceride-rich remnant lipoproteins are a major risk factor predisposing a subject to
atherosclerosis. In agreement with these observations Rev-erba. null mice possess elevated
levels of ApoC-III expression in serum and liver as well as elevated triglyceride levels [7].
It is interesting to note that plasma triglyceride and ApoC-III protein concentrations in
sg/sg mice were significantly lower than in wild-type littermates [44]. This is a new
illustration of opposite effect between RORa and Rev-erba. Rev-erba has been also
involved in repressing rodent ApoA1 gene expression [45], another RORa target gene [46].
In vivo studies have shown that ApoAl reduces free cholesterol accumulation in
atherosclerotic lesions of ApoE-deficient mice [47].

In addition, hypolipidemic fibrate drugs induce Rev-erboo mRNA expression [48]
via peroxisome proliferator-activated receptor (PPAR)a activation in human liver. PPARs
are lipid-activated factors that regulate lipid and lipoprotein metabolism, glucose
homeostasis and inflammation, major risk factors for atherosclerosis. The PPAR subfamily
consists of three distinct subtypes: PPARa, implicated in fatty acid metabolism, PPARy, a
key factor involved in adipogenesis and PPARP/3, whose role is beginning to be
understood. In addition to their beneficial effects on metabolic disorders, PPARo and
PPARy also decrease atherosclerosis progression by directly acting at the level on the
vascular wall. These both PPAR isoforms induce Rev-erba expression respectively in liver
and adipose tissue [8,48]. As previously described for ROR and Rev-erb family, there is a
cross-talk between Rev-erb and PPAR nuclear receptors, which is governed by two
mechanisms. On the one hand, Rev-erba could mediate PPAR action. Therefore, genes
regulated by Rev-erba such as rat ApoA-I [45], will be negatively regulated by PPARa via
an indirect mechanism. In addition, adipocyte differentiation is promoted by ectopic Rev-
erba expression in 3T3-L1 cell line, especially in cells treated with the PPARy ligand,
rosiglitazone. Expression of Rev-erba increases the expression of PPARYy target genes aP2
and CCAAT/enhancer-binding protein (C/EBP)a, but has no effect on C/EBPP or
differentiation-dependent factor 1/sterol regulatory element-binding protein (ADD-
1/SREBP-1) gene expression. This suggests a role for Rev-erbo as an enhancer of
adipogenesis acting downstream of PPARy [8]. On the other hand, PPARs and Rev-erba
may compete for binding to similar sites. Indeed, Rev-erba acts as a negative regulator of
the peroxisome proliferator-activated receptor (PPAR)a dependent transactivation by
inhibiting expression of the hydratase-dehydrogenase gene [49] and the microsomal
cytochrome P450 fatty acid m-hydroxylase [50], two enzymes implicated in the hepatic
peroxisomal fatty acid beta-oxidation [34]. Moreover PPARa and PPARy interfere with the
negative autoregulatory loop of Rev-erba expression via the Rev-DR2 site.

Finally, there is growing evidence that melatonin, one of the endocrine output
signals of the circadian clock, can influence CVD risks. Melatonin provides the organism
with circadian information and can be considered as an endogenous synchronizer, able to
stabilize and reinforce circadian rhythm. This pineal hormone regulate important processes
linked to CVD such as glucose metabolism [51], oxidative stress [52] and blood pressure
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[53]. Recent observations indicate that melatonin induces an immediate phase advance of
the Rev-erba rhythm. Rev-erbo may thus be initial molecular targets involved in the
chronobiotic effect of melatonin [54]. Interestingly, it was previously described that the
effects of melatonin on transcriptional regulation depend on the expression of ROR and
support the concept that the receptor is a mediator of nuclear melatonin signalling [55].
These findings illustrate a new example via which NRs and in particular Rev-erba and
RORa could link biology of the circadian rhythm and CVD.

Conclusion

Rev-erba is an integral component of the complex transcriptional machinery that governs
circadian rhythmcity. In addition, Rev-erba appears to drive transcriptional feedback loops
of many NRs (e.g. RORs, PPARSs) leading to metabolic flexibility in the control of lipid
metabolism, thrombosis and inflammation. These findings collectively lead to the concept
that Rev-erbal may establish a molecular link between the clock system and CVD.
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