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Summary

Liver X receptors (LXRs) o and 3 belong to a family of nuclear receptors which form heterodi-
mers with the retinoid X receptor and, upon ligand binding, stimulate the expression of target ge-
nes. LXRs were initially described as orphan receptors and oxidized cholesterol derivatives (oxy-
sterols) were later identified as their natural ligands. In addition, several synthetic LXR agonists
such as T0901317 and GW3965 were synthesized. Oxysterols are formed in amounts proportio-
nal to cholesterol content in the cell and therefore the LXRs operate as cholesterol sensors which
protect from cholesterol overload by: 1) inhibiting intestinal cholesterol absorption, 2) stimula-
ting cholesterol efflux from cells to high-density lipoproteins through the ATP-binding cassette
transporters ABCA1 and ABCG1, 3) activating the conversion of cholesterol to bile acids in the
liver, and (4) activating biliary cholesterol and bile acid excretion. In addition, LXR agonists ac-
tivate de novo fatty acid synthesis by stimulating the expression of a lipogenic transcription fac-
tor, sterol regulatory element-binding protein-1c (SREBP-1c), leading to the elevation of plasma
triglycerides and liver steatosis. Here we describe the structure and function of the LXRs, the-
ir endo- and exogenous agonists and antagonists, the regulation of LXR expression and activity,
and their role in the regulation of cholesterol and lipid metabolism. In the accompanying article
we characterize other effects of LXRs, alterations in LXR expression, and changes in the level
of their endogenous agonists in pathological conditions as well as therapeutic implications.

liver X receptor ° oxysterols  reverse cholesterol transport ° lipogenesis ¢ atherosclerosis

Streszczenie

Receptory watrobowe X (LXR) typu o i B naleza do rodziny receptoréw jadrowych, ktére two-
rza heterodimery z receptorem retinoidowym X i po zwiazaniu ligandu pobudzaja transkrypcje
genow. Poczatkowo zostaty opisane jako “receptory sieroce”, a nastgpnie wykazano, ze ich natu-
ralnymi ligandami sg utlenione pochodne cholesterolu (oksysterole). Otrzymano tez kilka synte-
tycznych agonistéw tych receptoréw, takich jak T0901317 oraz GW3965. Oksysterole powstaja w
ilosciach proporcjonalnych do zawartosci cholesterolu w komorce, i dzigki temu receptory LXR
dziataja jako “mierniki cholesterolu™ chroniace przed jego nadmiarem poprzez: 1) hamowanie
wchlaniania cholesterolu z przewodu pokarmowego, 2) stymulacje usuwania cholesterolu z ko-
morek do lipoprotein o wysokiej gegstosci przez transportery wiazace ATP, ABCA1 i ABCGl, 3)
pobudzanie przeksztalcania cholesterolu w kwasy z6iciowe w watrobie oraz 4) aktywacje wy-
dalania cholesterolu i kwasow zétciowych do z6tci. Ponadto, agonisci LXR pobudzaja synteze
kwasow ttuszczowych stymulujac ekspresje lipogennego czynnika transkrypcyjnego, biatka wia-
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Stowa kluczowe:

zacego element odpowiedzi na sterole typu lc (SREBP-1c¢), co prowadzi do wzrostu stezenia tréj-
glicerydéw w osoczu oraz sttuszczenia watroby. W pracy oméwiono budowg i dziatanie recep-
toréw LXR, ich endo- i egzogennych agonistéw i antagonistéw, regulacje ekspresji i aktywnosci
LXR oraz ich znaczenie w regulacji metabolizmu cholesterolu i lipidéw. W towarzyszacym ar-
tykule opisano inne dziatania receptoréw LXR, zmiany ekspresji tych receptoréw oraz poziomu
ich endogennych agonistéw w warunkach patologicznych oraz implikacje terapeutyczne.

receptory watrobowe X ¢ oksysterole * zwrotny transport cholesterolu * lipogeneza
miazdzyca
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1. InTRODUCTION

Liver X receptors (LXRs) belong to a large family of nuc-
lear receptors which bind to the regulatory region of tar-
get genes and, upon ligand binding, stimulate their trans-
cription. LXRs were initially isolated from a human liver
cDNA library as an orphan receptor since its natural li-
gand was unknown [171]. Later, oxidized cholesterol de-
rivatives or oxysterols were identified as specific ligands
of LXRs, which are therefore also named “oxysterol re-
ceptors”. Studies performed during the last decade suggest
that LXRs are “cholesterol sensors” which, in response to
excess cholesterol, stimulate its transport to the liver and
biliary excretion. In this review we summarize the cur-
rent knowledge about the structure and function of LXRs,
their endo- and exogenous ligands, the regulation of LXR
expression and activity, and their role in cholesterol and
lipid metabolism. In a related article we characterize other
roles of LXRs, alterations of endogenous LXR signaling in
pathological conditions, the therapeutic potential of LXR
modulators, and the effect of currently used drugs on the
LXR signaling system.

2. Liver X Receptor: AN OVERVIEW

There are two LXR isoforms in mammals, termed LXRo
(NR1H3) and LXR (NR1H2). LXRa is abundantly expres-

sed mainly in the liver, intestine, kidney, spleen, and adipo-
se tissue, whereas LXRp is ubiquitously expressed at a lo-
wer level [7,136]. Both isoforms share almost 80% identity
of their amino-acid sequences. The LXR molecule consists
of four domains: 1) an N-terminal ligand-independent acti-
vation function domain (AF-1) which may stimulate trans-
cription in the absence of a ligand, 2) a DNA-binding do-
main (DBD) containing two zinc fingers, 3) a hydrophobic
ligand-binding domain (LBD) required for ligand binding
and receptor dimerization (see below), and 4) a C-termi-
nal ligand-dependent transactivation sequence, also refer-
red to as activation function-2 (AF-2), which stimulates
transcription in response to ligand binding.

LXRao exists in three variants originating from alternative
promoter usage and mRNA splicing: LXRal, LXR0o2, and
LXRa3. [36]. LXRal is the major variant in most tissues
except the testis, where the LXR02 predominates, whereas
LXRo3 is expressed at low levels in the lung, thyroid gland,
and spleen. All three variants bind DNA, but LXR02 is
less active in stimulating transcription than LXRa1, whe-
reas LXR03 is unable to bind ligands and fails to stimula-
te transcription; LXR03 may in fact antagonize the func-
tion of the other isoforms.

Both LXRa and LXRp function as heterodimers with the
retinoid X receptor (RXR), a common partner for several
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Figure 1. Two models of the regulation of gene expres-
sion by the LXR/RXR heterodimer. Left: unli-
ganded LXR/RXR actively suppresses trans-
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type. Right: unliganded LXR/RXR hetero-
dimer moderately stimulates transcription
because co-repressors are not bound (1).
Agonist binding induces a maximal stimu-
lation of transcription by recruiting co-acti-

nuclear receptors, including peroxisome proliferator-acti-
vated receptor (PPAR), vitamin D receptor (VDR), thyroid
hormone receptor (TR), and farnesoid X receptor (FXR).
LXR/RXR is a so-called “permissive heterodimer” which
may be activated by either LXR agonist or 9-cis retinoic
acid (9cRA), a specific RXR ligand. Simultaneous applica-
tion of the agonists of both partners usually elicits a stron-
ger response than either agonist alone. The LXR/RXR com-
plex binds to a liver X receptor response element (LXRE)
in the promoter region of target genes. The “ideal” LXRE
sequence is a direct repeat-4 (DR-4) DNA fragment con-
sisting of two AGGTCA hexameric half-sites separated
by a 4-nucleotide spacer. However, analysis of functional
LXRE in the known target genes revealed that the consen-
sus sequences contain a number of invariant nucleotides in
each half-site, but the nucleotides at other positions may
vary considerably. Although LXRo and LXR[ have simi-
lar affinities to the idealized LXRE, they may have diffe-
rent affinities to specific nonideal LXRE sequences in cer-
tain genes [45,73].

Interestingly, similarly to PPAR and FXR, LXRs may sti-
mulate transcription to some extent even in the absence
of a ligand. In contrast, VDR/RXR and TR/RXR hetero-
dimers do not exhibit any ligand-independent stimulato-
ry activity. However, LXRs may also actively repress the
expression of some genes in the unliganded state [45].
Therefore, a “three-step”” model has been proposed to de-
scribe the activation of LXRs (Figure 1). According to this
model, in the absence of agonist, the LXR/RXR hetero-
dimer actively inhibits transcription by recruiting nucle-
ar co-repressors. Ligand binding first induces dissociation
of the co-repressors, leading to moderate stimulation of
transcription, and then elicits recruitment of co-activato-
1(s), thus causing a maximal stimulation of transcription.
This model explains why the expression of some target
genes is higher in LXR-deficient mice than in wild-type
animals, although it is of course unresponsive to stimu-
lation by LXR agonists (Figure 1). At least two studies
[90,103] have demonstrated that the LXR/RXR hetero-
dimer may also nonspecifically bind to the FXR respon-
se element (FXRE).

LXR ligands may also inhibit the transcription of certain
genes through several mechanisms, including: 1) stimula-

vators (2). In the absence of LXR, transcrip-
tion is minimal (3) because the baseline
stimulatory effect of unliganded LXR is re-
moved. Vertical black bars qualitatively re-
present the level of gene expression. Various
genes may be regulated according to the 1+
or the 2" model

tion of an intermediate regulatory protein which inhibits
transcription or destabilizes mRNA, 2) binding of LXRs
to other transcription factors and inhibiting their activity,
3) competition between LXRs and other transcription fac-
tors for a common pool of RXR, 4) competition between
LXR/RXR heterodimers and other transcription factors for
the same coactivators, and 5) binding of the LXR/RXR he-
terodimer to the LXRE sequence overlapping with the re-
sponse element for other nuclear receptors.

Recently, an interesting novel mechanism through which
LXRs may regulate gene expression was described
[157,158]. Namely, in renal juxtaglomerular apparatus,
cyclic AMP increases renin gene expression through an
LXRa-dependent mechanism by stimulating the binding
of LXRa to a specific DNA sequence referred to as “cyclic
AMP response element and a negative response element”
(CNRE) within a promoter region of the renin gene. This
effect is not mimicked by classic LXR or RXR agonists
and, vice versa, cAMP does not induce LXR binding to
LXRE. Subsequently, Anderson et al. [4] have shown that
apart from renin, many other genes may also be regula-
ted in this manner.

3. OxvysteroLs As THE NaTuraL LXR Licanps

3.1. Definition, classification, and origin of oxysterols

It is widely accepted that the major physiological LXR li-
gands are some monooxygenated derivatives of choleste-
rol referred to as oxysterols [70,92]. LXRs thus belong to
a family of nonhormone nuclear receptors which, similar-
ly to PPAR or FXR, are activated by metabolic interme-
diates normally found in the biological milieu at relative-
ly high concentrations. Indeed, the EC, value of LXRs for
most oxysterols is within the low micromolar range, which
is close to the normal levels of these compounds in pla-
sma and tissues. The metabolic fate of oxysterols is faster
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Figure 2. Endogenous sterol LXR agonists. FF-MAS
OH — follicular fluid meiosis-activating sterol,
T-MAS — testes meiosis-activating sterol
HO
cholesterol 22(R)-hydroxycholesterol
OH
HO
24(S)-hydroxycholesterol 27-hydroxycholesterol
0
HO HO 5H
24(S),25-epoxycholesterol 4-hydroxycholesterol oH
HO HO
desmosterol 25-hydroxycholesterol
HO HO
FF-MAS T-MAS

than that of cholesterol and, therefore, their concentration
better reflects short-term changes in cholesterol balance,
which makes oxysterols good candidates for regulatory
molecules. Although cholesterol has no measurable affi-
nity to LXRs, some authors question the regulatory role
of oxysterols, arguing that they are always present toge-
ther with a 10°—-10° excess of cholesterol [13]. It should be
noted that oxysterols also have other effects unrelated to
LXR stimulation. For example, certain oxysterols inhibit
the processing of sterol regulatory element-binding pro-
teins (SREBPs) and thus inhibit cholesterol biosynthesis
more efficiently than cholesterol itself.

There are three sources of oxysterols in the animal body:

* Endogenous production in enzymatic reactions.

* Endogenous production through the non-enzymatic re-
active oxygen species (ROS)-dependent oxidation of
cholesterol.

e Delivery from alimentary sources.

In general, oxysterols produced in enzymatic reactions
(Figure 2) are potent LXR agonists, whereas nonenzyma-
tically generated ones have weak or no agonistic activity.
Interestingly, natural oxysterol enantiomers have much hi-
gher affinity to LXRs than stereoisomers which are not en-
dogenously generated [70].

Enzymatically generated oxysterols which are recognized

by LXR ligands may be divided into three groups:

* Intermediates of the cholesterol biosynthetic pathway;
until now 24(S),25-epoxycholesterol is the only repre-
sentative of this group (Figures 2 and 3).

e Intermediary compounds in the synthesis of steroid hor-
mones from cholesterol, i.e. 22(R)-hydroxycholesterol
and, to a lesser extent, 20(S)-hydroxycholesterol (Figures
2 and 4).

e Several hydroxysterol compounds formed from chole-
sterol by “sterol hydroxylases”, many of them being va-
rious isoforms of cytochrome P450 (CYP).

3.2. 24(S),25-epoxycholesterol (24(S),25-EC)

24(S),25-EC is a potent LXR agonist with an EC_ of abo-
ut 300 nM [70]. It is synthesized from dioxidosqualene in
the shunt pathway of the mevalonate cascade (Figure 3)
and is detected in high amounts in the liver and, to a les-
ser extent, in many other tissues [15]. In contrast to many
oxysterols mentioned below, 24(S),25-EC is unlikely to
be increased, but is rather reduced by cholesterol overlo-
ad, since cholesterol reduces the expression and/or activi-
ty of several enzymes localized proximally to 24(S),25-EC
in the mevalonate cascade.
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Figure 3. Cholesterol biosynthetic pathway. Recognized LXR agonists are presented on the gray background. Geranylgeranyl-pyrophosphate, an LXR
antagonist, is presented in the white frame. It should be noted that many intermediates in the synthesis of 24(S),25-epoxycholesterol from
24(S),25-epoxylanosterol have not been tested in the context of LXR agonism so far. Only enzymes relevant to this review are presented.
HMGCR — 3-hydroxy-3-methylglutaryl-coenzyme A reductase (EC 1.1.1.34), SQS — squalene synthase (EC 2.5.1.21), SQE — squalene epoxidase
(EC1.14.99.7), 0SC - oxidosqualene: lanosterol cyclase (EC 5.4.99.7), DHCR24-3B-hydroxysterol A*-reductase (desmosterol reductase, EC
1.3.1.72), CYP51 — lanosterol 14at-demethylase (sterol 14-demethylase, EC 1.14.13.70), DHCR14 — sterol 14oc-reductase (EC 1.3.1.70),

DHCR7-7-dehydrocholesterol reductase (EC 1.3.1.21)

3.3. Intermediates of steroidogenesis (Figure 4)

The conversion of cholesterol to pregnenolone is a first and
rate-limiting step in steroidogenesis, i.e. the formation of
steroid hormones from cholesterol. This reaction is cata-
lyzed by CYP11Al, also referred to as “cytochrome P450

side-chain cleavage enzyme (P450scc)” or “cholesterol de-
smolase”, an enzyme contained in the inner mitochondrial
membrane of steroidogenic tissues, including the adrenal
cortex, ovaries, testes, and placenta. CYP11A1 is also de-
tected at low levels in the nervous system, heart, pancre-
as, and skin [127]. This enzyme catalyzes three consecu-
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Figure 4. Initial steps of steroidogenesis

tive reactions leading to the conversion of cholesterol to
pregnenolone with 22(R)-hydroxycholesterol (22(R)-HC)
and 20,22-dihydroxycholesterol as intermediates (Figure 4),
both of them being potent LXR activators. The monohy-
droxylated 20(S)-hydroxycholesterol is also an LXR ago-
nist, but this compound is not endogenously generated. In
contrast, pregnenolone as well as unnatural enantiomers,
i.e. 22(S)-HC and 20(R)-HC, are inactive; in fact, 22(S)-
HC has been reported to be an LXR antagonist [70].

3.4. Cholesterol hydroxylases and hydroxylated
cholesterol derivatives

3.4.1. 24(S)-hydroxycholesterol

The family of hydroxylated cholesterol derivatives known
to activate LXRs includes 24(S)-hydroxycholesterol (24(S)-
HC), 25-hydroxycholesterol (25-HC), and 27-hydroxycho-
lesterol (27-HC) (Figures 2 and 5). 24(S)-hydroxycholeste-
rol, also referred to as “cerebrosterol”, is the most abundant
hydroxysterol in the brain [96]. It is synthesized in neu-
rons, but not in glial cells, by a cytochrome P450 CYP46
isoform (cholesterol 24-hydroxylase) [102]. 24(S)-hydro-
xycholesterol plays an important role in brain cholesterol
homeostasis. Because cholesterol does not cross the blood-
brain barrier, it cannot be removed from this organ through
the classical reverse-transport mechanism involving high-

density lipoproteins (HDLs). In contrast, 24(S)-HC cros-
ses the blood-brain barrier and thus the conversion of cho-
lesterol to 24(S)-HC is a main route of cholesterol efflux
from the brain [17]. 24(S)-HC is detected in the blood at a
concentration proportional to the brain weight/body weight
ratio and is then taken up by the liver and further metabo-
lized. In the liver, 24(S)-HC is excreted into the bile as sul-
fated or glucuronidated conjugates or is first converted to
7a,24(S)-dihydroxycholesterol by microsomal 24-hydro-
xycholesterol 7a-hydroxylase (CYP39A1) or by choleste-
rol 7o-hydroxylase (CYP7A1) and then further oxidized to
bile acids [95,120]. The plasma concentration of 24(S)-HC
reflects the balance between cerebral production and he-
patic metabolism [21]. Due to the high relative brain we-
ight, plasma 24(S)-HC is highest during the first year of
life and then declines by a factor of four during the first
two decades [21]. 24(S)-HC may be a relevant LXR acti-
vator in the brain since its concentration in this organ is
about 100 uM, in contrast to only about 0.15 uM in plasma.
Interestingly, the distribution of CYP46A1 closely resem-
bles that of LXR in the brain [17]. In addition, CYP46A1
is expressed only in neurons, but not in glial cells. It was
proposed that 24(S)-HC derived from neurons stimula-
tes the efflux of cholesterol from glial cells to extracellu-
lar lipid-free apolipoprotein E by stimulating ABCAL1 in
an LXR-dependent manner (see below). This extracellu-
lar cholesterol may then be taken up by neurons and co-
nverted to 24(S)-HC [12]. Thus, feed-forward cross-talk
between neurons and glial cells may link these two path-
ways of cholesterol removal from brain cells. Knockout of
the CYP46A1 gene in mice results in a feedback suppres-
sion of cholesterol biosynthesis in the brain [83].

3.4.2. 27-hydroxycholesterol and cholestenoic acid

27-hydroxycholesterol (27-HC) is generated by the mito-
chondrial cholesterol 27-hydroxylase (CYP27) expressed
in the liver and other cell types, including macrophages,
fibroblasts, and endothelial cells. CYP27 is unique among
other cytochrome P450 isoforms in that it catalyzes three
consecutive oxidation reactions of a C-27 methyl group to
alcohol (27-hydroxycholesterol), aldehyde, and carboxy-
lic acid (3BAa-hydroxy-5-cholestenoic acid) [14] (Figure 6).
However, the product dissociates from the enzyme after
each step and has to compete with cholesterol for its acti-
ve center to be further oxidized. Therefore, when the cho-
lesterol concentration is high, little 27-HC is further oxi-
dized to cholestenoic acid.

In the liver, CYP27 is a first enzyme of a so-called alter-
native or acidic pathway of bile-acid synthesis, which ac-
counts for the formation of about 4% of the bile-acid pool
synthesized in humans [98]. In other cells, 27-HC is not
only the LXR ligand, but may also be involved in chole-
sterol efflux, since both 27-HC and cholestenoic acid are
removed from the cells in an HDL-independent manner.
Up to 50% of cholesterol may be removed as 27-HC or
cholestenoic acid from cultured cells [14]. This mecha-
nism may be especially important in cells which have no
direct contact with plasma and are thus relatively isolated
from HDLSs. Thus the conversion of cholesterol to 27-HC
in peripheral tissues plays a role analogous to its conver-
sion to 24(S)-HC in the brain. The amount of 27-HC for-
med in the cell is proportional to the cholesterol content
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and is markedly increased in fibroblasts and macrophages
loaded with low-density lipoproteins [8,51]. Inhibition of
CYP27 activity in cultured human macrophages induces
a marked cholesterol accumulation [98]. These data con-
firm an important role of CYP27 in cholesterol efflux.
Deficiency of CYP27 causes cerebrotendinous xanthoma-
tosis (CTX), a rare autosomal recessive disease characte-
rized by dementia, ataxia, cataract, and multiple xantho-
mas in the brain and tendinous system. CTX is associated
with premature atherosclerosis and increased cholesterol
content in the vascular wall despite apparently normal pla-
sma lipid profile [164].

Apart from being oxidized to cholestenoic acid, 27-hydro-
xycholesterol may be hydroxylated to 7o,27-dihydroxy-
cholesterol by hepatic microsomal oxysterol 7a-hydroxy-

lase (CYP7B1), distinct from cholesterol 7o-hydroxylase
(CYP7A1). 70,27-dihydroxycholesterol is further meta-
bolized to chemodeoxycholic acid. Thus, 27-HC of peri-
pheral origin may be a substrate for hepatic bile-acid pro-
duction [10].

Cholestenoic acid is an even more potent LXR activator
than 27-HC, with an EC of 200 nM, whereas its physio-
logical concentration in plasma is 3—5 uM [151]. Most of
the cholestenoic acid detected in plasma originates from
the lung. Its concentration is reduced by 50% in patients
after pulmonectomy and it also decreases in patients with
obstructive or parenchymal lung diseases [9]. Most cells
contain much more 27-HC than cholestenoic acid, where-
as the amount of cholestenoic acid exceeds that of 27-HC
in the culture medium because cholestenoic acid is more
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efficiently removed from the cell due to its greater water
solubility [10].

3.4.3. 25-hydroxycholesterol

25-hydroxycholesterol (25-HC) is a minor oxysterol formed
by a specific microsomal enzyme not belonging to the CYP
family, cholesterol 25-hydroxylase, which contains two non-
heme iron atoms [99]. 25-HC is then taken up by the liver,
hydroxylated to 7a,25-dihydroxycholesterol by CYP7B1,
and further metabolized to bile acids (Figure 5).

3.4.4. 4B-hydroxycholesterol

4B-hydroxycholesterol (4B-HC) is formed in the liver and
possibly in the small intestine by CYP3A4 and is one of
the major circulating oxysterols [19]. Interestingly, both the
formation and the metabolism of this compound are extre-
mely slow and its half-life is close to 50 hours. Indeed, al-
though 4B-HC is converted in the liver to bile acids, this
occurs at a very slow rate since all CYP isoforms studied
to date have very weak activity toward this compound [18].
The plasma concentration of 43-HC is about 70 nM, i.e.
almost fivefold more than the concentration of 4o-HC,
which is a product of nonenzymatic cholesterol autooxi-
dation [19].

3.4.5. 7a-hydroxycholesterol

Cholesterol 7a-hydroxylase (CYP7A1) is a rate-limiting
enzyme in the classical pathway of bile-acid synthesis
in the liver. Indeed, most plasma 7a-cholesterol origina-
tes from a hepatic CYP7A1-catalyzed reaction. However,
7a-hydroxycholesterol is a weak LXR agonist, whereas its
derivatives, cholic and chemodeoxycholic acids, are com-
pletely inactive [69].

3.5. Nonenzymatic sources of oxysterols

Various oxysterols are generated in ROS-mediated reac-
tions; however, most of them have only weak, if any, LXR
agonistic activity. These oxysterols are normally detected
in plasma and tissues at concentrations much lower than
those of enzymatic products. However, their concentra-
tion increases in pathological conditions associated with
oxidative stress, and they may exert many unfavorable ef-
fects, such as inhibition of endothelium-dependent vaso-
relaxation [81], protein ubiquitination [108], endoplasmic
reticulum stress [125], and apoptosis [91]. It is suggested
that oxysterols may contribute to the pathogenesis of oxi-
dative stress-related diseases such as atherosclerosis, to-
gether with other lipid peroxidation products [16,22,148].
For example, certain oxysterols such as 7-keto-, 7a-hydro-
Xy-, 7B-hydroxy-, 5,6-epoxycholesterol, and 3f3,50.,6p-tri-
hydroxycholestane are detected in oxidized low-density li-
poproteins [32] and in human atherosclerotic lesions [28].
The plasma concentration of 7B-hydroxycholesterol cor-
relates with the carotid artery intima-media thickness, a
marker of subclinical atherosclerosis [140], and is reduced
by antioxidant treatment [131].

Finally, oxysterols are present in certain foods, usual-
ly constituting up to 1% of dietary cholesterol. The ma-
jor diet-derived oxysterols include 7-ketocholesterol,

7o- and 7B-hydroxycholesterol, Sa,60-epoxycholesterol
(a-EPOX), 5B,6B-epoxycholesterol (B-EPOX), and chole-
stan 3\B,5,6B-triol (0TRIOL). They originate most likely
from the ROS-driven oxidation of cholesterol during food
preparation and storage. Indeed, oxysterols are contained
mainly in cholesterol-rich food, in particularly high amo-
unts in food stored for prolonged periods of time or proces-
sed at a high temperature in the presence of oxygen, such
as dried milk powder, cheese, etc. Alimentary oxysterols
are absorbed in the small intestine and incorporated into
chylomicrons. However, oxysterols of alimentary origin do
not bind to LXRs with high affinity [69].

3.6. Oxysterols in plasma

The total concentration of oxysterols in the plasma of heal-
thy humans is about 1 M, which is about 0.02% of choleste-
rol. This level may increase to up to 20-30 uM (0.5-0.75%
of total cholesterol) in various disease states. The most
available oxysterol in the blood is 27-HC (0.4 uM), follo-
wed by 24(S)-HC (0.15 uM), 7a-HC (0.1 uM), and 4pa-
HC (70 nM) [22]. Less available are BEPOX, a-TRIOL,
and 7-KC (about 50 nM), whereas the concentrations of
a-EPOX, 7B-HC, and 25-HC are only about 5 nM. Thus,
enzymatically generated oxysterols (with the exception of
25-HC) circulate at higher amounts than nonenzymatical-
ly formed ones. The concentrations of nonenzymatically
formed oxysterols may even be overestimated due to the
rapid ex vivo oxidation of cholesterol during sample pro-
cessing. Although oxysterols are slightly more hydrophilic
than cholesterol itself, they circulate in plasma lipoproteins,
and their distribution between lipoprotein fractions closely
resembles that of cholesterol. The exception is cholestenoic
acid, which is mostly detected in the water phase.

3.7. Oxysterols as LXR agonists

The precise order of potency of various oxysterols as LXR
activators differs in various studies. However, it seems that
the hydroxyl group in the side chain of the cholesterol mo-
lecule as well as cholesterol’s 334-hydroxyl group are es-
sential for LXR activation. Sterols with a 3o hydroxyl gro-
up are inactive. In most studies, 22(R)-HC, 20(S)-HC, and
24(S)-HC are the most potent agonists, whereas 25-HC and
27-HC have relatively weak activity [69,70]. Triple-knockout
mice lacking CYP46, CYP27, and cholesterol 25-hydroxy-
lase exhibit an impaired response of hepatic LXR target ge-
nes to dietary cholesterol load, which confirms an essential
role of endogenous oxysterols in LXR signaling [37].

Most oxysterols have similar affinity toward LXRo and
LXRB. In contrast, oxidation of the B ring of the chole-
sterol moiety to form, for example, 5,6-24(S),25-diepoxy-
cholesterol leads to the generation of more specific LXRa
agonists [69]. In addition, 6a-hydroxy bile acids have hi-
gher affinity to LXRa than to LXR [150]. Two 60-hydro-
xy bile acids, hyodeoxycholic acid (HDCA) and hyocholic
acid (HCA), are synthesized by CYP3A4 from litocholic
and chemodeoxycholic acids, respectively, and are detec-
ted in the liver at a concentration of about 30 uM. HDCA
and HCA bind to LXRa with EC of 55 uM and 17 pM,
respectively, which are close to or within the physiological
range. Thus, HDCA and HCA are physiological LXRa-se-
lective agonists, at least in the liver.
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4. Non-OxysteroL LXR Licanps

4.1. Intermediates of cholesterol biosynthesis

Recently, Yang et al. [176] demonstrated that desmoste-
rol (24-dehydrocholesterol), one of the intermediates in
cholesterol biosynthesis, is a potent activator of LXRs
(EC =1 uM). In contrast, several other intermediates,
such as lathosterol, lanosterol, and 7-dehydrocholesterol,
are inactive (Figure 3). Inhibition of desmosterol reduc-
tase by triparamol leads to the up-regulation of LXR tar-
get genes due to the accumulation of endogenous desmo-
sterol [176].

Janowski et al. [70] demonstrated that LXRo is activated by
4,4-dimethyl-50-cholesta-8,14,24-trien-3f-ol, also referred
to as follicular fluid meiosis-activating sterol (FF-MAS).
FF-MAS was first isolated from preovulatory follicular
fluid and stimulates meiosis of mammalian oocytes [25].
FF-MAS is an intermediate in cholesterol biosynthesis,
which is produced from lanosterol by lanosterol 14o-de-
methylase (CYP51), and in most cells is rapidly converted
to 4,4-dimethyl-5a-cholesta-8,24-dien-33-o0l (T-MAS) by
sterol 14a-reductase (Figure 3). T-MAS (testis meiosis-ac-
tivating sterol) was isolated from bull testis. In most tissu-
es, including hepatocytes, where the cholesterol synthesis
pathway is highly active, the levels of FF-MAS and T-MAS
are below the detection limit since the latter is immediately
converted to zymosterol. Due to low expression of the re-
spective downstream enzymes, FF-MAS and T-MAS ac-
cumulate at high concentrations in the ovaries and testes,
respectively (Figure 3). The affinity of FF-MAS and T-
MAS to LXR is relatively low and these compounds most
likely also possess LXR-independent activities. In addi-
tion, LXR-activating oxysterols have no effect on meiosis.
Nevertheless, abnormalities of gonadal function in mice
lacking LXRs suggest that FF-MAS/T-MAS-LXR signa-
ling may be important for gonadal function.

4.2. Glucose

Mitro et al. [112] recently demonstrated that glucose and
glucose-6-phosphate bind to and activate LXRa and LXRf3
with EC50 of 300 uM and 3 uM, respectively. In con-
trast, other simple carbohydrates have no effect. In addi-
tion, feeding mice with glucose results in the up-regula-
tion of LXR target genes in the liver and intestine. These
data suggest that glucose is a physiological ligand of LXR,
which thus may function not only as cholesterol, but also
as a glucose sensor.

4.3. Synthetic and natural exogenous LXR ligands

Two nonsteroid synthetic LXR agonists, T0901317 and
GW3965 (Figure 7), are commonly used in experimental
studies. T0901317 activates both LXRo and LXRP with an
EC, of about 20 nM [142]. GW3965 has a greater affinity
toward LXRf (EC, ;=30 nM) than LXRa (EC, =190 nM);
however, the difference is too small to be useful in diffe-
rentiating the two isoforms. T0901317 is not a completely
selective LXR agonist since it activates also the pregna-
ne X receptor (PXR) [145] and farnesoid X receptor [63].
The affinity of T0901317 for PXR and FXR is, however,
much lower than for LXR (EC, =4-7 uM).

Other synthetic LXR agonists are used occasionally. Acetyl-
podocarpic dimer (APD) is a derivative of podocarpic acid,
which was isolated from the resin of a plant, Podocarpus
[147]. APD activates LXRo and LXRp in the low nano-
molar range [153]. An indole alkaloid, paxilline, produced
by a fungus, Penicillium paxilli, is the first natural nonoxy-
sterol LXR agonist. Its affinity for LXR is similar to that
of 22(R)-HC. However, paxilline is unsuitable for in vivo
studies due to its toxicity. In addition, it is not LXR-spe-
cific since it is also an antagonist of the large-conductan-
ce Ca**-activated potassium channel [20]. Riccardin C is
a natural nonsteroid compound isolated from liverworts
which is an LXRa agonist and LXR antagonist [156].
The search for compounds with specific agonistic and an-
tagonistic activities toward both LXR isoforms is essen-
tial for future research in this field.

Interestingly, the hepatitis C virus core protein facilitates
LXR/RXR binding to the LXRE. Due to the potent lipo-
genic effect of LXR, it is suggested that this mechanism
may contribute to the liver steatosis frequently observed in
patients chronically infected with HCV [115].

Plant cells do not synthesize cholesterol but several other
sterols with similar chemical structure, such as sitosterol,
stigmasterol, campesterol, brasicasterol, and ergosterol.
Plant sterols are poorly absorbed from the intestine and in-
hibit cholesterol absorption by displacing it from bile mi-
celles. Supplementation of plant sterols may reduce plasma
cholesterol level and is considered a potential antiathero-
sclerotic therapy [124]. It has been demonstrated that stig-
masterol, but not sitosterol, is a potent LXR ligand due to
the double bond between C22 and C23 in the side chain
of its sterol moiety [177]. In contrast, Plat et al. [128] ob-
served that both sitosterol and campesterol effectively sti-
mulated LXR in cultured intestinal Caco-2 cells. Kaneko
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Figure 8. Metabolic pathways of cholesterol-3-sulfonate
and 5,6-epoxycholesterol-3-sulfonate. CST
— cholesterol sulfotransferase, STS — sterol
sulfatase, ROS — reactive oxygen species

et al. [75] have shown that certain oxidized derivatives of
phytosterols (‘“oxyphytosterols™) are more effective LXR
activators than 24(S),25-epoxycholesterol. Thus at least
some exogenous phytosterols or their derivatives may be
physiologically important LXR ligands.

4.4. Are all LXR agonists equivalent?

In most experimental systems, natural LXR ligands are less
potent then synthetic agonists, which is usually interpre-
ted as the result of the rapid metabolism of oxysterols to
the inactive compounds. However, Albers et al. [2] recen-
tly demonstrated that 22(R)-HC is a partial agonist, i.e. it
increases the affinity of LXR to both transcription co-ac-
tivators and co-repressors, whereas T0901317 is a full ago-
nist, i.e. it induces dissociation of co-repressors and bin-
ding of co-activators. The final effect of a given agonist
depends on the relative availability of certain co-activa-
tors and co-repressors in a given cell and may thus be tis-
sue and even gene specific [2].

4.5. LXR antagonists

Geranylgeranylpyrophosphate (GGPP), one of the products
of the mevalonate cascade, inhibits the transcriptional acti-
vity of LXRa and LXRf by antagonizing their interaction
with nuclear co-activators [50,53]. In contrast, geranylpy-
rophosphate, farnesylpyrophosphate, and mevalonate have
no effect on LXR. Polyunsaturated fatty acids (PUFAs) of
the n-3 and n-6 family, such as arachidonic acid, eicosa-
pentaenoic acid, docosahexaenoic acid, and linoleic acid,
are competitive antagonists of the interaction between
LXRs and their ligands [122,180]. In contrast, saturated
fatty acids possess no, and monounsaturated fatty acids
have only minimal, antagonistic activity. There is no dif-
ference between the antagonistic potencies of n-3 and n-
6 PUFAs, and the degree of unsaturation rather than spa-
tial distribution of the double bonds seems to be the most
important factor [179].

Song et al. [149] demonstrated that oxidized cholesterol
sulfonate, So,60-epoxycholesterol-3-sulfonate, normally
detected in human plasma, inhibits the transcriptional ac-
tivity of LXR. Interestingly, its enantiomer, 58,63-epoxy-
cholesterol-3-sulfonate, is not an LXR antagonist. 7-keto-
cholesterol-3-sulfonate inhibits LXR with a potency similar
to 5a,60-epoxycholesterol-3-sulfonate. Sa,60-epoxycho-
lesterol-3-sulfonate is most likely a product of the autooxi-
dation of cholesterol-3-sulfonate, the most abundant sul-
fonated sterol in plasma and tissues, or it originates by the
sulfonation of 5Sa,6a-epoxycholesterol by cholesterol sul-
fotransferase. Overexpression of cholesterol sulfotransfe-

rase inactivates LXR signaling and reduces the expression
of LXR target genes both in vitro and in vivo [38]. These
data suggest that the relative abundance of oxysterols and
their 3-sulfonates, determined by the activities of chole-
sterol sulfotransferase and sulfatase, may be important in
the regulation of LXR signaling (Figure 8). Currently it
is not clear if sulfonated derivatives of enzymatically for-
med oxysterols are present in tissues and if they are also
LXR antagonists.

5. Recuration oF LXR Expression AND AcTIviTY

5.1. Regulation of LXR expression

Apart from agonists and antagonists, LXR signaling may
be modulated by changes in receptor expression (Table 1).
Several studies have shown that stimulation of the pero-
xisome proliferator activated receptors o and Y (PPARx
and PPARY) increases LXR expression. Tobin et al. [159]
have shown that the PPARo agonists Wy 14643 and gemfi-
brozil as well as the PPARY agonist rosiglitazone increase
LXRo mRNA and protein levels in the rat liver. In vitro,
PPAR agonists increase LXRo expression in isolated rat
hepatocytes through the peroxisome proliferator respon-
se element (PPRE) contained in the 5’-flanking region of
the LXRa gene [159]. The human LXRo gene also con-
tains PPRE [88], and four-month administration of feno-
fibrate resulted in the up-regulation of LXRa in the peri-
pheral blood monocytes of patients with type 2 diabetes
[49]. Because fatty acids are endogenous PPARo agonists,
they may also increase LXR expression. Indeed, high-fat
diet or fasting, both associated with elevation of the pla-
sma fatty acid level, up-regulated hepatic LXRa in the rat
[159]. Various saturated and unsaturated fatty acids in-
creased LXRo expression also in cultured rat hepatoma
cells in vitro [159]. Thus, whereas in the short run unsa-
turated fatty acids are LXR antagonists, long-term eleva-
tion of their level results in the up-regulation of LXRa
gene expression.

Chineti et al. [40] demonstrated that PPARo and PPARY
agonists increase the expression of LXRa, but not of
LXR, in primary human and murine macrophages. In
contrast, Chawla et al. [33] observed that only PPARY, but
not PPARQ., agonists increase LXRo gene expression in
cultured human THP-1 macrophages. The PPARY agonist
rosiglitazone increased the level of LXRot mRNA in cul-
tured 3T3-L1 adipocytes, but not in skeletal muscle cells
in vitro, whereas another PPARY ligand, darglitazone, sti-
mulated LXRo expression in rat epidydimal adipose tissue
in vivo [74]. Two PPARY agonists, troglitazone and rosigli-
tazone, administered orally, increased LXRo expression
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Table 1. Regulation of LXR signaling

Natural ligands

Agonists Antagonists
22(R)-HC GGPP
24(5),25-EC PUFAs
24(S)-HC Oxysterol 3-sulfonates
25-HC
27-HC
FF-MAS/T-MAS
HCA, HDCA*
Glucose

LXR expression

Increase Decrease
PPARox agonists 17p-estradiol
PPARy agonists Lipopolysaccharide
Insulin Proinflammatory cytokines
IL-10 (IL-1B, TNF-ov)
LXR agonists** Oxidative stress
Lipid peroxidation products
(by stimulating PPARy)

Posttranslational modulation of LXR activity
Increase Decrease

cAMP (stimulates binding to CNRE)

Phosphorylation by protein kinases

+ cAMP-protein kinase A (inhibits binding to LXRE)

o ALK-1***

Other nuclear receptors which compete with LXR for a common pool of
RXR (PPARct, PPARy, VDR, TR, FXR)

Non-functional complex with PPARct

Modulation of LXRE-containing genes by other nuclear receptors

Increase

Decrease

Binding of TRB1 to LXRE in the presence of T,

Binding of TRB1 to LXRE in the absence of T,

* Hyocholic acid (HCA) and hyodeoxycholic acid (HDCA) are specific agonists of LXRa; ** only LXRa expression is upregulated by LXR agonists;

***ALK-1 phosphorylates only LXRB

in rabbit renal glomeruli [172]. Pioglitazone administered
for three weeks at a dose of 30 mg/day increased LXRax
expression in subcutaneous adipose tissue in non-diabetic
insulin-resistant non-obese subjects [59].

Insulin increases LXRo expression in the liver both in vitro
and in vivo and it is suggested that the stimulatory effect
of insulin on hepatic lipogenesis may be partially media-
ted via LXRs [160]. 17B-estradiol reduces LXRa expres-
sion in cultured human THP-1 macrophages in vitro [84].
In addition, a single dose of estradiol decreased LXRa
(but not LXRB) mRNA level in mice liver and white adi-
pose tissue [100].

Several studies have demonstrated that the inflammatory
reaction induced by bacterial lipopolysaccharide (LPS) re-
duces the expression of LXRa and its heterodimeric part-
ner, RXRa, in the liver, kidney, and adipose tissue both in
vitro and in vivo [11,47,79,80,97,169]. This effect is repro-
duced by proinflammatory cytokines such as tumor necrosis

factor-o, (TNF-ot) and interleukin-1f (IL-1p). In contrast,
interleukin-10, an anti-inflammatory and atheroprotecti-
ve cytokine, stimulates LXRa in cultured THP-1 macro-
phages [107].

In addition, LXRa expression is controlled by an auto-re-
gulatory mechanism. The human LXRo gene promoter
contains three functional LXRESs, one of which is stron-
gly activated by both LXRa and LXR[ [93]. Both natu-
ral and synthetic LXR agonists increase LXRa, but not
LXR}, gene expression in human macrophages, adipocy-
tes, and hepatocytes [170]. This autoregulatory mechanism
may be responsible for the strong up-regulation of LXRx
induced by lipid loading of macrophages. Resting macro-
phages contain mainly LXR[}, whereas in lipid-loaded cells
the expression of LXRa markedly increases while the le-
vel of LXRp remains stable, presumably due to the up-
regulation of LXRa gene expression by cholesterol-deri-
ved LXR agonists [88]. Initially it was suggested that the
autoregulation of LXRa is specific to humans. However,
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Ulven et al. [161] observed that T0O901317 increased the
amount of LXRa mRNA in mouse white adipose tissue.
Nevertheless, murine LXRa is not autoregulated in other
cell types, such as macrophages and hepatocytes.

5.2. Posttranslational regulation of LXR activity

Chen et al. [37] recently demonstrated that LXRa is pho-
sphorylated at Ser198 by mitogen-activated protein kinases
(MAPK). The functional significance of this phosphory-
lation is unclear since the phopshorylated and non-pho-
sphorylated receptors have identical transcriptional acti-
vities. However, it should be mentioned that the MAPK
consensus phosphorylation site within the LXRo mole-
cule is conserved among species and is also contained in
the LXR, which suggests that phosphorylation may have
some functional implications.

Cyclic AMP stimulates the binding of LXRo to CNRE (see
above); however, the mechanism of this effect is unclear. In
particular, it is unknown if cAMP affects the conformation
of LXRa (directly or by stimulating its phosphorylation by
protein kinase A) or acts on CNRE, increasing its affinity
for LXRo. On the other hand, some data suggest that cAMP
synthesized in response to dopamine D1-like receptor sti-
mulation inhibits classical LXR/RXR-LXRE-mediated si-
gnaling in neurons [141]. Recently it was demonstrated that
protein kinase A phosphorylates LXRa at two sites, Ser'*—
Ser' and Thr?®—Ser®!, which impairs its dimerization with
RXR, DNA-binding, and transcriptional activity [175].

Other nuclear receptors which form heterodimers with RXR
can inhibit LXR signaling by competing with LXRs for the
limited pool of their common dimeric partner. For exam-
ple, vitamin D receptor (VDR) antagonizes the transcrip-
tional activity of LXRo when stimulated with its ligand,
1,25-dihydroxycholecalciferol [71]. Recent studies indicate
that apart from 1,25-dihydroxycholecalciferol, vitamin D
receptor may be activated by litocholic acid [105]. Since
LXR stimulates the formation of bile acids, inhibiting its
activity through the litocholic acid-VDR pathway may be a
negative feedback mechanism which prevents the overpro-
duction of potentially toxic bile acids. Triiodothyronine re-
ceptor, TR, and farnesoid X receptor (FXR) also suppress
LXR-mediated signaling by quenching RXR [178].

Activin receptor-like kinase (ALK-1) is a plasma membrane-
bound serine/threonine protein kinase belonging to a trans-
forming growth factor-f3 (TGF-3) receptor family, which is
specifically expressed in endothelial cells. Activated ALK-1
phosphorylates LXRp, but not LXRa, and induces its trans-
location from the nucleus to the cytosol. In addition, LXRf3
inhibits ALK-1-dependent signaling. These data suggest that
significant cross-talk between LXR[ and the TGF-J3 recep-
tor superfamily exists in vascular tissue [114].

The major thyroid hormone receptor expressed in the liver,
TRP1, may bind not only to its cognate sequence, thyroid
hormone response element (TRE), but also to LXRE wi-
thin the promoter region of at least two LXR target genes,
sterol regulatory element binding protein-1c (SREBP-1c¢)
[76] and cholesterol 7a-hydroxylase (CYP7A1) [60]. In
the absence of triiodothyronine (T3), TRB1/RXR hetero-
dimer binds to LXRE and preferentially associates with

co-repressors, thus suppressing LXR-stimulated trans-
cription. In the presence of T,, TRB1 stimulates the trans-
cription of CYP7AI gene. However, the concentration of
T, required to stimulate the LXR target gene by TRB1 is
higher than that required to stimulate transcription thro-
ugh the TRB1-TRE-dependent mechanism [60,76]. Neither
unliganded nor oxysterol-bound LXRa has any effect on
T3-induced gene expression. Moreover, LXR is unable to
cross-bind with the TRE [76].

5.3. LXR and PPAR

The interaction between LXR and PPAR is probably cell
specific and, in general, very complex. First, as mentioned
above, stimulation of PPARo and PPARY may increase LXR
gene expression in certain cell types. On the other hand,
expression of PPAR may be induced by LXR through the
LXRE contained in its promoter region. For example, Seo
et al. [143] demonstrated that TO901317 increased PPARY
expression in cultured 3T3-L1 adipocytes in vitro as well
as in adipose tissue and liver of T0901317-treated mice.

At the posttranslational level, PPAR may inhibit the LXR
signaling and vice versa by competing for the limited
pool of their common heterodimeric partner, RXR [110].
Transfection of human hepatoma HepG2 cells or human
embryonic kidney HEK293 cells with PPARa or PPARY
inhibits LXR-mediated signaling even in the absence of
PPAR ligands [178]. Stimulation of PPARa or PPARY with
Wy 14643 or pioglitazone, respectively, enhanced this in-
hibitory effect, whereas overexpression of RXR abolished
this inhibition. On the other hand, stimulation of LXR by
T0901317 or 22(R)-HC inhibits PPARo-induced fatty acid
oxidation through a similar mechanism [66]. In addition
to competing with PPARo for a common pool of RXR,
LXRa may inhibit PPAR signaling by forming a nonfunc-
tional LXRo/PPAR heterodimer which is unable to bind
to either LXRE or PPRE [113]. A unique mechanism of
PPARa-LXRa interaction was described in the regulation
of the murine cholesterol 7a-hydroxylase gene (CYP7AI).
The CYP7AI promoter contains overlapping PPRE and
LXRE sequences. Therefore, whereas stimulation of either
of these receptors alone enhances gene expression, PPAR«.
agonists inhibit LXR-induced transcription and vice versa
by forming the LXRa-PPAR heterodimer which binds to
this overlapping sequence and blocks the binding of either
LXRo/RXR or PPAR0O/RXR heterodimer [54].

Despite these in vitro studies, the antagonism between
PPAR and LXR in vivo remains elusive. Anderson et al.
[5] demonstrated that treatment of mice with Wy 14643 or
T0901317 changed the expressions of 49 genes in the liver,
but 48 of them were regulated in the same direction. In ad-
dition, of 64 genes downregulated in PPARo-null mice (i.e.
constitutively stimulated by PPARo in wild-type animals),
only one was downregulated by T0901317. These data qu-
estion the functional antagonism between these receptors,
at least in the liver, and suggest that PPARa and LXR may
in fact have many overlapping activities.

5.4. Effect of oxidative stress on LXR signaling

Oxidatively modified plasma low-density lipoproteins
(oxLLDL) have a complex cell-specific effect on LXR si-
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gnaling. For example, loading cultured macrophages with
oxLDL stimulates LXR signaling because oxidized fatty
acids activate PPARY and increase LXR expression [146].
However, in cultured human umbilical vein endothelial
cells, oxLDL diminishes 27-HC production by reducing
CYP27 activity and thus inhibits LXR signaling. In con-
trast, loading endothelial cells with native (non-oxidative-
ly modified) LDL stimulates 27-HC formation and LXR
signaling by providing more cholesterol substrate [186].
In addition, enhanced lipid peroxidation induced by iron
and ascorbate reduced LXRa and LXRf gene expression
in cultured human THP-1 macrophages [107]. The main
mechanisms regulating LXR expression and activity are
summarized in Table 1.

6. RoLe oF LXRs IN CHoLESTEROL METABOLISM

LXRs sense excess cholesterol and trigger various adaptive
mechanisms protecting the cells from cholesterol overload.
Activation of LXRs results in: (1) stimulation of choleste-
rol removal from the cell, transport to the liver, and biliary
excretion, processes referred to together as reverse chole-
sterol transport (RCT), (2) inhibition of intestinal chole-
sterol absorption, and (3) inhibition of cholesterol synthe-
sis and uptake by the cells. The effects of LXRs on reverse
cholesterol transport and excretion as well as on intestinal
cholesterol absorption are presumably the major mecha-
nisms, whereas those on cholesterol uptake and synthesis
are weak and play only a minor role.

6.1. Reverse cholesterol transport

Reverse cholesterol transport (RCT) is cholesterol traffic-
king from peripheral tissues to the liver, where it is excre-
ted in the bile as unchanged cholesterol or after conver-
sion to bile acids. RCT is initiated by cholesterol removal
from the cell to high-density lipoproteins (HDLs) or to li-
pid-free apolipoproteins such as apoA-I or apoE. Within
HDLs, most of the free cholesterol is esterified by leci-
thin: cholesterol acyltransferase (LCAT), and cholesterol
esters are then transported to the liver either in HDLs or
in apoB-containing lipoproteins (VLDLs and LDLs), to
which they are first transferred by cholesterol ester trans-
porting protein (CETP).

Recently, Naik et al. [117] demonstrated that if mice are
injected with macrophages previously loaded with titrated
cholesterol and then are treated with GW3965 for 10 days,
fecal excretion of cholesterol tracer is markedly higher and
excretion of titrated bile acids tends to be higher than in ve-
hicle-treated animals. These data clearly indicate that this
LXR agonist stimulates cholesterol transport to the liver for
subsequent excretion and/or metabolism in vivo.

Most, if not all, steps of RCT are stimulated by LXRs.
First, LXRs up-regulate the expression of transporters in-
volved in cholesterol removal from plasma membrane to
extracellular acceptors, the ATP-binding cassette transpor-
ters A1 (ABCA1) and G1 (ABCG1). ABCA1 and ABCG1
are abundant in macrophages where they prevent foam cell
formation by removing excess cholesterol, but they are also
expressed in most other cell types, including hepatocytes,
enterocytes, adipocytes, and skeletal muscle cells. ABCA1
is a full transporter, i.e. it operates as a single molecule and

transfers both cholesterol and phospholipids from plasma
membranes to small discoid-shape pre-HDL or to lipid-
free apoA-I. Thus, apart from RCT, ABCAL1 is also invo-
Ived in the formation of nascent HDL particles in the liver
and small intestine. Deficiency of ABCAL is responsible
for Tangier disease, a rare inherited disorder associated
with a very low level of HDLs, overaccumulation of cho-
lesterol in peripheral tissues, and premature atherosclero-
sis. In contrast, ABCG1 is a half-transporter, i.e. it opera-
tes as a homodimer and transfers cholesterol to HDLs but
not to lipid-free apoA-I [29,86].

Multiple studies have demonstrated that LXR agonists in-
crease the expression of ABCA1 and ABCG1 by binding
to the LXREs within their genes, which is accompanied by
enhanced cholesterol efflux from various cell types both in
vitro and in vivo [42,78,153,162]. In particular, the expres-
sion of ABCG1 may be increased up to 1000-fold by na-
tural and synthetic LXR agonists [139,162]. LXR agoni-
sts not only stimulate the expression of ABCGl, but also
induce its redistribution from intracellular stores to the
plasma membrane, further facilitating cholesterol efflux
[167]. In peritoneal macrophages obtained from ABCG1-
null mice, T0901317 normally stimulates cholesterol efflux
to apoA-I, but fails to stimulate cholesterol efflux to HDLs
[77]. In addition, ABCG1-specific small interfering RNA
(siRNA) blocked HDL-mediated cholesterol efflux [167].
These data suggest that ABCG1 has a critical role in cho-
lesterol efflux to HDLs, but not in the formation of these
lipoproteins. Indeed, the plasma lipid profile is normal in
ABCG1-null mice, but large amounts of cholesterol accu-
mulate in macrophages/foam cells in various tissues of the-
se animals [77]. In contrast, in ABCA1-null macrophages,
T0901317 failed to stimulate cholesterol transport to apoA-
1, but normally stimulated its efflux to HDLs.

Cholesterol loading of the cell results in the increased for-
mation of oxysterols, which stimulate LXRs and enhan-
ce cholesterol efflux through these transporters, thus pro-
viding the regulatory feedback mechanism maintaining a
constant cholesterol content [94]. Engel et al. [46] demon-
strated that 22(R)-HC and 9cRA increase the expression
of ABCG4, a half-transporter homologous to ABCG1, in
human monocyte-derived macrophages. The precise role
of ABCG4 is not clear, but it is suggested that it forms a
heterodimer with ABCG1. However, ABCG#4 is not essen-
tial for LXR-stimulated cholesterol efflux since choleste-
rol export from ABCG4~ macrophages is normal [167].
Recently, Wang et al. [166] reported that various ABC
transporters may be involved in the efflux of cholesterol
from different intracellular pools. In particular, choleste-
rol delivered by intact LDL through the LDL receptor-de-
pendent pathway is subsequently removed by the ABCG1/
ABCGH4 heterodimer, whereas cholesterol derived from mo-
dified LDL, which entered the cell through the scavenger
receptor, is exported by ABCAL. In contrast to ABCAI,
ABCG]1, and ABCG4, the expression of ABCG2 is not re-
gulated by LXRs. Thus, ABCG2 seems to be a constituti-
ve cholesterol exporter [46].

LXRs are also involved in the regulation of intracellu-
lar cholesterol traffic. Before efflux, cholesterol has to be
transported from the endosomal compartment to the pla-
sma membrane. This process is mediated by two carriers,
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Niemann-Pick C1 (NPC1) and C2 (NPC2) proteins. LXR
agonists increase the expression of NPC1 and NPC2 and
thus stimulate the redistribution of cholesterol from the
endosomal compartment to the plasma membrane, where
it becomes available for efflux to extracellular acceptors.
Indeed, the stimulation of cholesterol efflux by T0901317
or GW3965 was markedly suppressed by siRNA specific to
either NPC1 or NPC2 [138]. Although LXR agonists have
no effect on the expression of acyl-CoA: cholesterol acyl-
transferase-1 (ACAT-1), a major intracellular cholesterol-
esterifying enzyme, they reduce the rate of cholesterol es-
terification by removing cholesterol from the intracellular
pool available for ACAT-1 to the plasma membrane.

Scavenger receptor type B1 (SR-B1) is a specific HDL re-
ceptor expressed in the liver and, to a lesser extent, in other
tissues. Hepatic SR-B1 is essential for the delivery of cho-
lesterol esters from HDLs to hepatocytes. In human hepa-
toma HepG2 cells, 22(R)-HC increased SR-B1 mRNA and
protein levels [106]. This effect resulted from the binding
of the LXR/RXR dimer to the LXRE within the promoter
region of SR-BI gene. Until now, no study has addressed
the regulation of hepatic SR-B1 by LXR in vivo. Yu et al.
[181] demonstrated that 25-HC reduces SR-B1 expression
in human and murine macrophages and in human umbili-
cal vein endothelial cells. Although this effect may be be-
neficial by decreasing the uptake of oxidized LDLs, it is
preserved in cells lacking both LXR isoforms and thus is
clearly LXR-independent. In contrast, neither T0901317
nor 24(S)-HC had any effect on SR-B1 expression in por-
cine brain capillary endothelial cells [123].

24(S)-hydroxycholesterol, an endogenous LXR agonist
synthesized in the brain, stimulates cholesterol efflux from
choroid plexus epithelial cells to extracellular apoE by in-
creasing the expression of ABCA1, ABCG1, ABCG4, and
ABCGS [52]. Since this effect was observed only in the api-
cal membrane directed toward the cerebrospinal fluid, which
lacks HDLs, it may represent a unique HDL- and apoA-I-in-
dependent mechanism of cholesterol removal. In addition,
24(S)-HC and GW3965 increase the expression of ABCAL,
ABCGT1, and apoE in astrocytes, but not in neurons. These
data suggest that 24(S)-HC of neuronal origin may stimu-
late apoE-mediated cholesterol efflux from the neighboring
glial cells [1]. Although apoE-mediated cholesterol efflux is
not involved in the net export of cholesterol from the brain,
it may be important for the redistribution of cholesterol be-
tween various brain regions. This process is essential during
development and neuronal injury, because cholesterol is re-
quired for neurite outgrowth and synaptogenesis.

6.2. Cholesterol metabolism to bile acids

The first and rate-limiting enzyme of hepatic bile acid syn-
thesis is cholesterol 7o-hydroxylase (CYP7AT1). Promoter
regions of mouse and rat CYP7AI genes contain LXRE,
and their transcription is potently up-regulated by natural
and synthetic LXR agonists [92,111]. LXRE of CYP7A1
gene binds LXRa more potently than LXRf, and there-
fore LXRo"~ mice, but not LXRB~~ animals, accumulate
large amounts of cholesterol in the liver in response to a
high-cholesterol diet. This is accompanied by hepatome-
galy and severe liver damage. LXRa™ mice do not exhi-
bit any increase in CYP7A1 expression when switched to

a cholesterol-rich diet nor are they able to increase bile
acid synthesis and fecal excretion [126].

In contrast to rat and mice, human CYP7AI gene does not
contain the LXRE and its transcription is not up-regulated
by LXR agonists [39,55]. This species difference is respon-
sible, at least in part, for much greater susceptibility of hu-
mans to dietary-induced hypercholesterolemia [111]. Indeed,
cholesterol 7o-hydroxylase is not up-regulated in response
to cholesterol feeding in mice expressing human CYP7A1,
and these animals easily develop hypercholesterolemia when
challenged with a high-cholesterol diet [35].

CYP7AL is also a target for FXR, which inhibits its expres-
sion by stimulating the synthesis of a small heterodimeric
partner (SHP) protein. FXR is a specific receptor for bile
acids and regulates their formation in a negative feedback
manner. FXR inhibits CYP7A1 expression in all known
mammalian species. Goodwin et al. [55] demonstrated that
the LXR/RXR heterodimer directly activates SHP expres-
sion in human hepatocytes, leading to the suppression of
CYP7AL1 synthesis in response to cholesterol loading. It is
suggested that this mechanism evolved in humans to sup-
press cholesterol absorption from the intestine (by limiting
the formation of bile acids and the emulsification of alimen-
tary lipids). However, this mechanism becomes inefficient
when humans are exposed to a high-cholesterol diet, which
ultimately results in cholesterol overabsorption despite the
down-regulation of the intestinal bile acid pool.

Although in vitro FXR agonists stimulate SHP and inhi-
bit the transcription of CYP7AI gene in rat hepatocytes,
feeding these animals a high-cholesterol diet results in the
up-regulation of this enzyme, while hepatic expression of
SHP does not change [55]. It has been shown that FXR is
not activated by a high-cholesterol diet in the rat becau-
se the hepatic bile acid pool does not increase; although
their synthesis is stimulated, this is balanced by increased
excretion [174]. Therefore, although at the molecular le-
vel rat CYP7AL1 is up-regulated by LXR and down-re-
gulated by FXR, the former mechanism predominates in
vivo when animals are exposed to a high-cholesterol diet.
However, if the high-cholesterol diet is supplemented by
exogenous cholic acid, FXR is activated, SHP expression
is increased, and CYP7A1 expression is reduced, resul-
ting in impaired cholesterol metabolism and hyperchole-
sterolemia [174].

Although rabbit CYP7A1 gene contains LXRE and its
expression is stimulated by T0901317 and 22(R)-HC in
vitro [144], high-cholesterol diet fails to induce CYP7Al
in the rabbit in vivo. Xu et al. [173] demonstrated that if
rabbits are exposed to a high-cholesterol diet for only one
day, hepatic CYP7A1 is up-regulated, presumably thro-
ugh the LXR-dependent mechanism, whereas the expres-
sion of the FXR target SHP does not change. However,
if the high-cholesterol diet is applied for 10 days, SHP is
up-regulated and the expression of CYP7A1 is reduced,
which indicates that the positive LXR-mediated regulation
is overridden by the inhibitory effect of FXR [144,173].
Therefore, hypercholesterolemia easily develops if rabbits
are fed a high-cholesterol diet. The regulation of CYP7A1
by LXR and FXR in various mammalian species is sum-
marized in Table 2.
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Table 2. Regulation of hepatic CYP7AT gene expression in various mammalian species

Spacies LXRE in the promoter Up-regulation by LXR Inhibition through bile  Overall effect of high-
P region of CYP7A1 gene agonists in vitro acid-FXR-SHP pathway  cholesterol diet in vivo
Rat/mice + + T
Rabbit + + 2
Human - + \2
Figure 9. Intestinal cholesterol absorption (red
arrows), intestinal phytosterol handling
(green arrows), and the role of enterocytes
in fecal excretion of cholesterol delivered
gut lumen enterocyte from peripheral tissues by HDLs (i.e.
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alternative reverse cholesterol transport,
blue arrows). Cholesterol is absorbed from
bile micelles through the apical membrane
NPCIL1 protein. Most of it is subsequently
esterified by ACAT-2, and cholesteryl
esters are incorporated into chylomicrons
(CHM), which are exocytozed and enter the
lymphatic capillaries. Some cholesterol is
extruded to the intestinal lumen through
the apical ABCG5/AB(G8 heterodimer and
the minority of cholesterol is extruded
through the basolateral ABCAT to enter

6.3. Bile acid transport and metabolism

22(R)-HC stimulates the expression of the bile salt export
pump (BSEP), which drives bile acid transport from he-
patocytes to bile canaliculi in primary human hepatocytes
and in Huh7 hepatoma cells. However, this effect is me-
diated by FXR rather than LXR. 22(R)-HC binds to a part
of the FXR ligand-binding domain at a place distinct from
its cognate ligands, bile acids. LXR agonists stimulate the
expression of intestinal bile acid-binding protein (I-BABP),
which is involved in the absorption of bile acids from inte-
stinal lumen to the portal blood [90]. Interestingly, this ef-
fect is mediated by LXR binding to the FXRE in the pro-
moter region of the /-BABP gene.

In human hepatocytes, T0901317 up-regulates UDP-glu-
curonyltransferase 1A3 (UGT1A3), which glucuronida-
tes chemodeoxycholic and litocholic acids (CDCA and
LCA) at the C-24 position, thus increasing their water
solubility and allowing urinary excretion [163]. A simi-
lar effect is observed in transgenic mice expressing hu-
man UGT1A3. Apart from glucuronidation, CDCA and
LCA may be hydroxylated at the 6a. position to generate
hyocholic acid (HCA) and hyodeoxycholic acid (HDCA),
respectively. This reaction is inhibited by LXR agoni-
sts. Both HCA and HDCA are specific LXRa agonists
and thus inhibit their own formation through a negative
feedback mechanism. In summary, stimulation of LXR
shifts CDCA and LCA metabolism toward 24-glucuro-
nides by UGT1A3 at the expense of 60--hydroxylation.
In contrast, FXR stimulates CYP3A4 and UGT2B4, le-
ading to predominant formation of 6a-glucuronides of
HCA and HDCA.

the HDL fraction, in part formed locally in
the intestine from locally generated apoA-
. Alimentary phytosterols are absorbed
by NPCI1L1, but are not esterified; most
of them are rapidly extruded to the gut
lumen through the ABCG5/ABCG8 complex
and some phytosterols are transferred to
HDLs by basolateral ABCAT. In addition, the
intestine may drive the removal of peripheral
tissue-derived cholesterol from HDLs to
the feces through the concerted action of
basolateral ABCA1 and apical ABCG5/ABCGS.
LXR agonists inhibit NPC1L1 and increase
ABCA1, ABCG5, and AB(G8

6.4. Intestinal cholesterol absorption

Alimentary cholesterol is absorbed in the small intestine.
An important role in this process is played by the Niemann-
Pick Cl-like 1 protein (NPC1L1) contained in the apical
membranes of enterocytes. Next the majority of choleste-
rol is esterified inside the enterocyte by ACAT-2 and is in-
corporated into chylomicrons. Some cholesterol is exported
through the ABCA1 contained in the basolateral membra-
ne to apoA-I; the process is essential for intestinal HDL
formation (Figure 9). In addition, a substantial part of the
intracellular cholesterol is back-extruded from the entero-
cyte to the intestinal lumen through the ABCG5/ABCGS8
heterodimer contained in the apical membrane [165].

In 2000, Repa et al. [137] first demonstrated that T0O901317
reduced intestinal absorption of dietary cholesterol. Because
this effect was accompanied by the increased expression
of ABCAL1 in the small intestine, it was initially sugge-
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sted that this transporter drives cholesterol removal from
the enterocytes to the intestinal lumen and thus reduces
the net cholesterol absorption [137]. However, this possi-
bility is unlikely since ABCAL1 is contained mainly in the
basolateral membrane of intestinal cells and the effect of
LXR agonists on fecal cholesterol excretion is preserved in
ABCA1 knockout mice [130]. Indeed, LXR agonists stimu-
late cholesterol recycling from the enterocyte to the inte-
stinal lumen by up-regulating ABCGS5 and ABCGS [134].
Fecal cholesterol content is increased, whereas net intesti-
nal cholesterol absorption is reduced in mice overexpres-
sing ABCG5 and ABCG8, whereas the opposite is obse-
rved in ABCG5/ABCGS8 double-knockout animals [182].

Apart from the intestine, ABCGS and ABCGS8 are abun-
dantly expressed in the canalicular membrane of hepato-
cytes, where they drive cholesterol transport to the bile.
Hepatic ABCGS and ABCGS are also stimulated by LXR
agonists, and this results in enhanced biliary cholesterol
excretion [182]. In contrast to wild-type animals, T0901317
does not stimulate biliary cholesterol excretion and fails to
reduce fractional cholesterol absorption in ABCG5/ABCGS8
double-knockout mice [182].

However, the increase in fecal cholesterol by LXR agoni-
sts is not solely dependent on biliary cholesterol excretion.
Indeed, GW3965 does not stimulate biliary cholesterol
content, but increases fecal cholesterol loss in mice lac-
king the multidrug resistance protein-2 (Mdr-2, ABCB4)
involved in the export of phospholipids from hepatocytes
to bile canaliculi [85]. Interestingly, GW3965 also effec-
tively increases the excretion of radiolabeled cholesterol
from plasma to the feces in these animals. It is suggested
that apart from the liver, the intestine is an alternative or-
gan involved in reverse cholesterol transport and excretion.
According to this hypothesis, HDLs may deliver choleste-
rol from peripheral tissues directly to the intestine, where
it is removed to the gut lumen through the concerted ac-
tion of basolateral ABCA1 and apical ABCG5/ABCGS8
heterodimer (Figure 9) [85].

Recently, Duval et al. [44] demonstrated that T0901317 and
GW3965 decrease the expression of NPC1L1 protein in
mouse intestine in vivo and in human enterocyte cell cultu-
re in vitro, thus completing a complex mechanism through
which LXRs reduce cholesterol absorption (Figure 9).

6.5. Effect of LXRs on intestinal HDL formation

Apart from the liver, the small intestine is a major HDL-
generating organ in the body. Although LXR agonists inhi-
bit cholesterol absorption in an ABCA1-independent man-
ner, they do stimulate this transporter in enterocytes and
enhance intestinal HDL formation. Indeed, LXR agonists
stimulate apoA-I-mediated cholesterol efflux from the ba-
solateral, but not from the apical membrane of enterocy-
tes, and have no effect on the formation of chylomicrons
[116,121]. Intestine-specific deletion of ABCAI results in
an about 30% reduction of plasma HDL [23]. Tissue-spe-
cific stimulation of intestinal ABCA1 by LXR agonists ra-
ises the plasma HDL level. Indeed, GW3965 increases pla-
sma HDL in wild-type mice as well as in animals lacking
hepatic ABCAL1, but fails to do so in mice lacking ABCA1
selectively in the small intestine [24].

6.6. Effect of LXRs on plant sterol absorption

Although plant sterols are almost as abundant as choleste-
rol in food, only a small fraction of them is absorbed in the
intestine for two reasons. First, plant sterols are much more
effectively exported by the ABCG5/ABCGS heterodimer.
In addition, plant sterols are very poor substrates for este-
rification by intestinal ACAT-2. Thus, most of plant sterols
reaching the enterocyte are rapidly removed to the intestinal
lumen (Figure 9). Any absorbed plant sterols are also rapi-
dly excreted to the bile by hepatic ABCG5/ABCGS8 com-
plex. Therefore, the plasma concentration of plant sterols is
normally very low [62]. Mutation of either the ABCGS5 or
ABCGS gene results in sitosterolemia (phytosterolemia), a
rare inherited recessive disease characterized by a very high
level of plant sterols in plasma and tissues, moderate hyper-
cholesterolemia, and accelerated atherosclerosis, presumably
related to deposition of plant sterols in the arterial wall.

Under normal conditions, LXR agonists limit intestinal ab-
sorption of plant sterols and increase their biliary excretion
by stimulating ABCGS and ABCGS. However, in ABCGS5
knockout mice [129] and in ABCG5/ABCGS8 double-knoc-
kout mice [182], LXR agonists paradoxically increase the
plasma concentration of phytosterols. This is most likely
associated with the unopposed stimulation of ABCA1-dri-
ven basolateral phytosterol efflux from the enterocyte to
HDLs (Figure 9). Indeed, the plasma level of plant sterols
is lower in ABCA-deficient mice, and it was demonstra-
ted that T0901317, 22(R)-HC, and 9cRA stimulate basola-
teral apoA-I-mediated efflux of B-sitosterol from cultured
intestinal epithelial cells [48]. ABCA1 does not discrimi-
nate between cholesterol and plant sterols. Because plant
sterols are not esterified by ACAT-2 and are not incorpo-
rated into chylomicrons, they are absorbed exclusively via
a ABCA1-dependent route. These data suggest that LXR
agonists could have a paradoxical, undesirable effect on
plasma plant sterols in patients with sitosterolemia, and
possibly also in the much more frequent asymptomatic
ABCGS5 or ABCG8 mutant heterozygotes.

6.7. Cholesterol synthesis and uptake

Cellular cholesterol content depends on the balance of
three processes: 1) intracellular synthesis, 2) uptake from
plasma lipoproteins, mainly LDLs, and 3) removal from
the cell to plasma lipoproteins, mainly HDLs. Cholesterol
synthesis is precisely regulated to maintain a constant
cholesterol content and is thus adjusted to the remaining
two processes. Due to the potent effect of LXR agonists
on cholesterol removal from the cell, it is difficult to se-
parate any direct effect of these receptors on cholesterol
synthesis from adaptor changes induced by altered upta-
ke and/or removal.

Several key enzymes in the cholesterol biosynthesis path-
way, including 3-hydroxy-3-methylglutarylcoenzyme A
(HMG-CoA) reductase, are stimulated by the sterol regu-
latory element binding protein-2 (SREBP-2). SREBPs are
transcription factors synthesized as the inactive precursors
which reside in the endoplasmic reticulum and are subse-
quently activated by proteolysis, move to the nucleus, and
stimulate the expression of target genes. Three isoforms
of SREBPs were identified; two of them (SREBP-1a and
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SREBP-1c) are encoded by a single gene, whereas the third,
SREBP-2, is encoded by a separate gene. SREBP-1a stimu-
lates the expression of genes involved in both cholesterol
and fatty acid synthesis, SREBP-1c stimulates lipogene-
sis, and SREBP-2 stimulates cholesterol-synthesizing en-
zymes and LDL receptor. SREBP-2 is activated in response
to cholesterol depletion and stimulates compensatory up-
regulation of cholesterol uptake and synthesis [31].

LXRao-null mice are characterized by a higher expression
of SREBP-2 as well as of several of its target genes, inclu-
ding HMG-CoA synthase and reductase, farnesylpyropho-
sphate synthase, and squalene synthase in the liver [126].
The similar, although much smaller, up-regulation of cho-
lesterol-synthesizing enzymes is observed in LXRf-null
mice [3]. In addition, administration of T0901317 reduces
the hepatic expression of HMG-CoA synthase and squalene
synthase in wild-type mice [142]. These data suggest that
LXRs inhibit cholesterol synthesis. However, it should be
kept in mind that natural LXR agonists, oxysterols, may af-
fect cholesterol synthesis in an LXR-independent manner,
e.g. by inhibiting the cleavage of SREBP-2. In addition,
stimulation of cholesterol efflux by the LXR agonists may
cause a compensatory up-regulation of cholesterol synthe-
sis in certain cell types, such as macrophages. For exam-
ple, T0901317 and GW3965 enhance cholesterol synthe-
sis as well as increase LDL-receptor expression in human
hepatoma HepG2 cells, probably by stimulating choleste-
rol efflux and activating the SREBP-2-dependent pathway.
In contrast, natural agonists have no (22(R)-HC) or slight
inhibitory (24(S),25-EC) effect on cholesterol production,
most likely by directly suppressing SREBP-2 processing
[6]. Therefore, the interpretation of data about the role of
LXRs in the regulation of cholesterol synthesis is difficult.
In general, it is assumed that the effect on cholesterol syn-
thesis plays only a minor role in the regulation of cellular
sterol homeostasis by LXR ligands. Recently, Ishimoto et
al. [67] demonstrated that TO901317 increases the expres-
sion of LDL-receptor in the human hepatoblastoma Huh-
7 cell line through the LXRE contained in the promoter
of its gene. However, it is unclear if this effect also occurs
in the intact liver or in extrahepatic tissues.

7. OtHer EFrects on Lipip MEeTaBoLISM

7.1. Lipogenesis

In 2000, Schultz et al. [ 142] first demonstrated that treatment
with T0901317 markedly increased hepatic triglyceride con-
tent and plasma triglyceride concentration in mice and ham-
sters. Although the effect on plasma triglycerides was tran-
sient, that on hepatic triglycerides was persistent and lead
to severe liver steatosis and dysfunction. In addition, pla-
sma triglycerides are about fourfold lower in LXRo/LXRJ
double-knockout mice than in wild-type animals.

LXR agonists markedly stimulate fatty acid synthesis (li-
pogenesis) in hepatocytes. This effect is partially media-
ted by increased expression of SREBP-1c, which subse-
quently binds to the sterol response element (SRE) within
the promoter region of genes encoding various lipogenic
enzymes [135]. In rat hepatoma cells, baseline expression
of SREBP-1c is maintained by the endogenous oxysterol-
LXR pathway since inhibition of oxysterol formation redu-

ces SREBP-1c synthesis [43]. Yoshikawa et al. [179] iden-
tified two LXREs within the SREBP-1c gene promoter and
demonstrated that LXR as well as RXR agonists increase
its transcriptional activity. In addition, LXR directly (in a
SREBP-1c¢ independent manner) regulates the expression
of several lipogenic enzymes, including acetyl-CoA car-
boxylase (ACC) [155], fatty acid synthase (FAS) [73], and
stearoyl-CoA desaturase-1 (SCD-1) [168], by binding to the
LXRE:s in the regulatory regions of ACC, FAS, and SCD-1
genes, respectively. SCD-1 forms the double bond at the n-
9 position of saturated fatty acids, thus converting saturated
stearoyl-CoA and palmitoyl-CoA to monounsaturated oleo-
yl-CoA and palmitoleoyl-CoA, respectively. Indeed, LXR
agonists increase the ratio of monounsaturated to satura-
ted fatty acids (“desaturation index’) in cellular lipids and
plasma lipoproteins [185]. Chu et al. [41] demonstrated that
SCD-1 deficiency protects against LXR-induced increase
in plasma triglyceride and HDL-cholesterol levels. Thus,
SCD-1 is crucial for the lipogenic effect of LXRs.

Treating wild-type mice with T0901317 increases SREBP-
lc, ACC, FAS, and SCD-1 gene expression in the liver [142].
This effect is preserved in LXRB™-, but not in LXRa"~
mice. In addition, basal levels of SREBP-1c, ACC, FAS,
and SCD-1 are reduced in LXRo"~ mice. These data sug-
gest that LXRa is a major isoform responsible for hepa-
tic lipogenesis.

Grethorst et al. [56] demonstrated that LXR agonists sti-
mulate the production of triglyceride-rich, large VLDL par-
ticles in the liver. Although the number of VLDL particles
formed does not change, their diameter increases due to
the higher amount of triglycerides per particle. In animals
treated with LXR agonists, the plasma triglyceride con-
centration increases only transiently because VLDL me-
tabolism is simultaneously stimulated, presumably due to
the increase in lipoprotein lipase (see below). In addition,
T0901317 stimulates peroxisomal -oxidation of very-long-
chain fatty acids in the liver [64].

Although enhanced lipogenesis is clearly undesirable if
one considers the potential therapeutic application of LXR
agonists, it is a logical component of a complex response
to cholesterol excess because it enables the conversion of
more toxic free cholesterol to less toxic cholesterol esters.
Indeed, monounsaturated fatty acids generated by SCD-1
are preferable substrates for ACAT. In addition, lipoge-
nesis may provide components essential for cholesterol
removal from the cell, such as triglycerides required for
VLDL assembly in the liver or phospholipids required for
HDL formation.

It should be emphasized that synthetic LXR agonists indu-
ce lipogenesis much more potently than cholesterol excess.
Although cholesterol excess, ultimately resulting in incre-
ased oxysterols, stimulates SREBP-1c synthesis through
the LXR-dependent mechanism, cholesterol itself as well
as certain oxysterols inhibit proteolytic processing of the
inactive SREBP-1c¢ precursor to its mature active form. Due
to these two opposing effects, cholesterol does not stimulate
lipogenesis dramatically. In contrast, synthetic nonsteroid
LXR agonists increase SREBP-1c¢ synthesis while having
no inhibitory effect on its processing, which results in su-
praphysiological stimulation of fatty acid synthesis.
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Table 3. Mechanisms involved in lipogenic effect of LXR agonists

Step of triglyceride/VLDL synthesis and metabolism

Specific mechanisms of action

Effect on substrates for lipogenesis

Stimulation of uridine phosphorylase and B-alanine production

Direct stimulation of lipogenic enzymes through the LXREs in their ACC

regulatory regions FAS
SCD-1

Effect on prolipogenic transcription factors SREBP-1¢
ChREBP

Effect on VLDL assembly in the liver

Increase in PLTP expression

Effect on other mediators involved in the requlation of lipogenesis

Reduction of adiponectin R1 receptors in the liver

Effects on VLDL metabolism*

Reduction of apoA-V
Stimulation of Angpti3
Stimulation of LPL
Stimulation of apoC-II

*The effect of LXR agonists on VLDL clearance is controversial; reduction of apoA-V and stimulation of Angptl3 (angiopoietin-like protein 3) impair VLDL
metabolism, whereas increased expression of lipoprotein lipase (LPL) and its activator, apoC-Il, tend to promote VLDL clearance

Carbohydrate response element binding protein (ChREBP)
is a glucose-sensitive transcription factor which stimula-
tes the expression of lipogenic enzymes when the gluco-
se concentration is high and thus promotes the conversion
of excess glucose to lipids. Recently it was demonstrated
that LXR agonists stimulate the expression of ChREBP in
the liver both in vitro and in vivo [30]. This effect results
from the binding of LXR/RXR to the two LXREs in the
promoter region of the CAREBP gene. It was demonstra-
ted that the stimulatory effects of T0901317 on FAS, ACC,
and SCD-1 were attenuated in ChREBP-knockout mice. In
addition to inducing ChREBP expression, T0901317 sti-
mulates its binding to the cognate DNA sequence, carbo-
hydrate response element (CRE). ChREBP-CRE binding
is inhibited by the active phosphorylated form of AMP-
stimulated protein kinase (AMPK), and T0901317 reduces
the rate of AMPK phosphorylation, thus removing its in-
hibitory influence on ChREBP activity [30].

Adiponectin is secreted in large amounts by adipocytes and
exerts many beneficial metabolic effects, such as increased
insulin sensitivity and stimulation of mitochondrial fatty
acid oxidation. Adiponectin reduces hepatic lipogenesis and
prevents hepatic steatosis by reducing SREBP-1c expres-
sion. Interestingly, 25-HC reduces the expression of adi-
ponectin receptor, AdipoR1, in primary hepatocytes and in
cultured human HepG?2 cell line [118]. It is unclear if this
effect is mediated by LXRs and if it also operates in vivo,
but if so, downregulation of adiponectin signaling in the
liver could contribute to enhanced lipogenesis.

Zhang et al. [184] demonstrated that LXR agonists stimu-
late the expression of liver-specific uridine phosphoryla-
se, the rate-limiting enzyme in uridine catabolism. A ma-
jor metabolic product of uridine catabolism in the liver is
[B-alanine, which serves as a precursor for fatty acid syn-
thesis. Thus, the effect on uridine phosphorylase could be
involved in LXR-induced lipogenesis. The currently known
mechanisms of the lipogenic effect of LXRs are summa-
rized in Table 3.

Because insulin stimulates LXRo expression in the li-
ver, LXRs may be involved in insulin-induced lipogene-
sis. Indeed, insulin increases the expression of SREPB-1c
and its target lipogenic enzymes. Moreover, the induction
of SREBP-1c by insulin requires an intact LXRE in the
SREBP-1c gene promoter [34] and is largely abrogated in
LXRa/LXRp double-knockout mice [160]. Interestingly,
whereas LXR agonists increase the expression of the
SREPB-1c¢ precursor, insulin additionally stimulates its
cleavage to the mature, transcriptionally active form. Thus
LXR agonists and insulin may act synergistically to incre-
ase fatty acid synthesis [61]. In vivo, T0901317 stimulates
SREBP-1c expression and increases the amount of acti-
ve mature protein because endogenous insulin is present
[61]. Because insulin secretion is proportional to glucose
concentration, the net lipogenic effect of LXR agonists de-
pends on glucose availability.

7.2. Apolipoproteins

LXR agonists stimulate the synthesis of apolipoprotein-E
in macrophages and in adipose tissue both in vitro and in
vivo [89]. In contrast, apoE expression in the liver is not
regulated by LXRs. In fact, apoE was the first identified
LXR-responsive gene which is regulated in a tissue-speci-
fic manner. The stimulatory effect on apoE is greater in hu-
man than in murine macrophages [88]. In addition to apoA-
I, apoE is an alternative extracellular cholesterol acceptor
and is thus involved in LXR-stimulated cholesterol efflux.
Apart from apoE, LXR agonists stimulate the expression
of apolipoproteins C-I, C-1I, and C-1V, which also opera-
te as cholesterol acceptors [104].

LXR agonists increase the expression of apolipoprote-
in D in adipocytes [65]. ApoD is a 29-kDa glycoprotein
that is primarily associated with plasma HDL. It is syn-
thesized in many tissues, including spleen, testes, and bra-
in. The physiological function of apoD is unclear and it is
not known if apoD is also regulated by LXRs outside the
adipose tissue.
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The next apolipoprotein regulated by LXRs is apoA-IV.
ApoA-1V is synthesized in the intestine and, to a lesser
extent, in the liver, and is detected mainly in chylomicrons
and in lower amounts in HDLs, as well as a free plasma
protein. In HDLs, apoA-IV stimulates LCAT, whereas free
plasma apoA-IV facilitates cholesterol efflux from the cells
and exerts antioxidant activity. Transgenic overexpression
of apoA-IV reduces atherosclerosis in the mouse models,
and plasma apoA-1IV is inversely correlated with atherosc-
lerosis in humans [132,154]. Although the apoA-IV gene
contains the LXRE, LXR agonists stimulate its expres-
sion only in hepatocytes, but not in the intestine. In vivo,
T0901317 increases HDL-associated apoA-IV, which is pre-
sumably of hepatic origin, but has no effect on intestine-
derived chylomicron-associated apoprotein. Interestingly,
apoA-IV acts on the hypothalamic appetite center to re-
duce food intake. Although LXR agonists have no repor-
ted effect on food intake in wild-type mice, T0901317 de-
creases food intake in Zucker diabetic fatty (ZDF) rat [27].
However, an anorectic effect is exerted by apoA-IV syn-
thesized locally in the brain, and it is unclear if LXR ago-
nists regulate central apoA-IV production.

Apolipoprotein A-V is the only known apolipoprotein do-
wnregulated by LXR agonists both in vitro and in vivo [68].
ApoA-V is synthesized in the liver and is incorporated into
the HDL and VLDL fractions. Overexpression of apoA-V
reduces plasma triglycerides in mice, whereas deletion of
apoA-V gene induces hypertriglyceridemia [133]. The hy-
polipidemic effect of apoA-V is most likely mediated by
stimulation of lipoprotein lipase. T0901317 reduces apoA-
V mRNA level in cultured hepatocytes; however, this is an
indirect effect mediated by SREBP-1c rather than by direct
binding of LXR/RXR to the apoA-V gene [68].

7.3. Plasma lipoprotein-remodeling transporters

LXR agonists stimulate the expression of two plasma lipo-
protein-remodeling proteins, CETP and phospholipid trans-
fer protein (PLTP). CETP is synthesized in the liver and
circulates in the HDL fraction. CETP transfers choleste-
rol esters from HDLs to VLDLs and LDLs in the exchan-
ge for triglycerides. Thus, CETP may facilitate cholesterol
transport to the liver. However, the role of CETP in plasma
lipoprotein metabolism and atherogenesis is controversial,
because it also contributes to high LDL-cholesterol level in
humans and rabbits, whereas species lacking CETP, such
as rats and mice, have very low levels of LDLs [82].

LXR agonists increase hepatic CETP synthesis and plasma
CETP concentrations [101]. Consistent with the role of CETP
outlined above, LXR agonists markedly elevate plasma HDL-
cholesterol in species lacking CETP, but have only a weak or
no effect on HDLs in CETP-positive animals. In addition, in
two CETP-positive species, Syrian hamster and cynomolgus
monkey, LXR agonists significantly elevate LDL-cholesterol
[58]. In addition, transgenic mice expressing human CETP
demonstrate elevation of LDLs and no change in HDLs in
response to LXR agonists [72,109].

Phospholipid transfer protein (PLTP) mediates the trans-
port of phospholipids from VLDLs and chylomicron rem-
nants to HDLs or to lipid-poor apoA-I. In addition, PLTP
mediates phospholipid transfer between different HDL

subfractions, thus generating lipid-poor small pre-B HDLs
which are better cholesterol acceptors than large HDL
particles. T0901317 increases PLTP activity in plasma as
well as PLTP mRNA in the liver, adipose tissue, and in-
testine, which is accompanied by an increase in phospho-
lipid content in the HDL fraction [26,87]. Stimulation of
PLTP may contribute to LXR-induced VLDL production
because PLTP is involved in the assembly of VLDLs in
hepatocytes [56]. Indeed, the hypertriglyceridemic effect
of T0O901317 is markedly reduced in PLTP-deficient mice
[26]. In addition to the liver, natural and synthetic LXR
agonists increase PLTP expression in human and murine
macrophages [87,103].

7.4. Enzymes involved in plasma lipoprotein
metabolism

Triglycerides and/or phospholipids contained in plasma li-
poproteins are hydrolyzed by three lipases expressed on the
surface of endothelial cells: lipoprotein lipase (LPL), he-
patic lipase (HPL), and endothelial lipase (EL). LPL has a
high affinity for triglycerides and hydrolyzes triglyceride-
rich lipoproteins such as VLDLs and chylomicrons. Mice
and human LPL genes contain LXRE and are direct targets
for LXRa, but not for LXR[ [183]. Interestingly, the stimu-
latory effect of LXR on LPL expression is restricted to the
liver and, to a lesser extent, macrophages. In contrast, LXR
agonists have no effect on LPL in adipose tissue.

Endothelial lipase (EL) hydrolyzes plasma phospholipids,
including those associated with HDLs. Sovic et al. [152]
demonstrated that 24(S)-HC reduces EL mRNA and pro-
tein levels in brain capillary endothelial cells. This effect
may contribute to the LXR-induced increase in HDL frac-
tion. However, Norata et al. [119] observed increased EL
expression in human umbilical vein endothelial cells, hu-
man fibroblasts, and HepG2 cells treated with T0901317,
but not with 22(R)-HC. Thus the effect of LXRs on EL
may be cell specific and remains controversial. Until now,
the role of LXRs in the regulation of hepatic lipase, the
third enzyme involved in intravascular lipolysis, which is
active toward both triglycerides and phospholipids, has
not been studied.

ConcLusIons

Liver X receptors (LXRs) are nuclear receptors which form
heterodimers with the retinoid X receptor and regulate gene
expression. LXRs are activated by oxysterols, which are en-
zymatically or nonenzymatically formed cholesterol deriva-
tives, as well as by glucose. T0901317 and GW3965 are two
nonsteroid synthetic LXR agonists used in experimental stu-
dies that are more potent that endogenous ones. LXR signa-
ling may also be modulated by changes in receptor expres-
sion. LXRs protect the cells from cholesterol overload by
stimulating reverse cholesterol transport from peripheral tis-
sues to the liver and its excretion in the bile. In addition, LXR
agonists activate lipogenesis by stimulating the expression
of a lipogenic transcription factor, sterol regulatory element-
binding protein-1c (SREBP-1c¢), leading to hypertriglyceri-
demia and liver steatosis. Other effects of LXRs include sti-
mulation of several apolipoproteins (apo-E, apo-D, apo-AIV)
as well as of cholesterol ester transporting protein (CETP)
and phospholipid transfer protein (PLTP).
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