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a b s t r a c t

Liver X receptors LXRa (NR1H3) and LXRb (NR1H2) are transcription factors belonging to the nuclear
receptor superfamily, activated by specific oxysterols, oxidized derivatives of cholesterol. These receptors
are involved in the regulation of testis physiology. Lxr-deficient mice pointed to the physiological roles of
these nuclear receptors in steroid synthesis, lipid homeostasis and germ cell apoptosis and proliferation.
Diethylstilbestrol (DES) is a synthetic estrogen considered as an endocrine disruptor that affects the func-
tions of the testis. Various lines of evidences have made a clear link between estrogens, their nuclear
receptors ERa (NR3A1) and ERb (NR3A2), and Lxra/b. As LXR activity could also be regulated by the
nuclear receptor small heterodimer partner (SHP, NR0A2) and DES could act through SHP, we wondered
whether LXR could be targeted by estrogen-like endocrine disruptors such as DES. For that purpose, wild-
type and Lxr-deficient mice were daily treated with 0.75 lg DES from days 1 to 5 after birth. The effects of
DES were investigated at 10 or 45 days of age. We demonstrated that DES induced a decrease of the body
mass at 10 days only in the Lxr-deficient mice suggesting a protective effect of Lxr. We defined three cat-
egories of DES-target genes in testis: those whose accumulation is independent of Lxr; those whose accu-
mulation is enhanced by the lack of both Lxra/b; those whose accumulation is repressed by the absence
of Lxra/b. Lipid accumulation is also modified by neonatal DES injection. Lxr-deficient mice present dif-
ferent lipid profiles, demonstrating that DES could have its effects in part due to Lxra/b. Altogether, our
study shows that both nuclear receptors Lxra and Lxrb are not only basally important for testicular phys-
iology but could also have a preventive effect against estrogen-like endocrine disruptors.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

The nuclear receptors LXRa (NR1H3) [1] and LXRb (NR1H2)
[2,3] were first described in the mid 90’ in the liver as orphan
receptors. David Mangelsdorf’s group ‘‘deorphanized’’ them [4]
and oxidized or hydroxylated metabolites of cholesterol known
as oxysterols have been described to be the bona fide ligands
[5,6]. Their putative association with human diseases makes them
promising pharmacological targets [7,8]. First in vivo analyses of
Lxr-deficient mice [9,10] pointed out their pivotal roles in

cholesterol homeostasis; Lxra/b are hence considered as intracel-
lular cholesterol sensors whose activation leads to decreased plas-
ma cholesterol. Beyond cholesterol homeostasis, they modulate
numerous physiological functions such as fatty acid synthesis, lipid
metabolism, glucose homeostasis, steroidogenesis, immunity, and
neurological homeostasis. Lxra/b are also involved in the control
of reproductive functions in both females [11,12] and males (for
a review see [13]). Indeed, deficient mice for both isoforms become
infertile during aging [14,15]. Several functions have been associ-
ated with both Lxr isoforms in mouse testis. Lxra regulates steroid
synthesis by Leydig cells through transcriptionally enhancing Star
and Cyp11a1, respectively encoding the steroidogenic acute regula-
tory (StAR) protein whose function is to translocate cholesterol
from the outer to the inner mitochondrial membrane in steroido-
genic cells [16] and the cholesterol side-chain cleavage enzyme
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that catalyzes conversion of cholesterol to pregnenolone [15].
Lxra-deficient mice also present an increased apoptosis of the
germ cells. Next to this, Lxrb has been identified in Sertoli cells
as a major sensor of lipid homeostasis. Moreover Lxrb-deficient
mice show lower germ cell proliferation [15]. These data define
the Lxra/b as key factors to control testicular integrity and func-
tions [13].

The incidence of male fertility disorders is constantly increasing
[17,18] since the 60’s as proven by studies on semen quality per-
formed on men from the Nordic countries, Germany, France, UK
and the Baltic countries, as well as from Japan and the USA. This
has been linked to multiple factors [19]. Among these, endocrine
disruptors have been suspected to be involved [20]. These com-
pounds have either estrogenic or anti-androgenic activities. Dieth-
ylstilbestrol (DES) is a synthetic estrogen that has been prescribed
for 30 years until the 70’s to pregnant women to prevent abortions
and pregnancy complications. DES was banned from reproductive
medication after it was proved to increase the incidence of cancer
clear-cell adenocarcinoma of the vagina in pubertal girls who were
exposed in utero [21] and cryptorchidism and abnormalities in the
urogenital tract of boys [22]. This synthetic estrogen is hence con-
sidered as an endocrine disruptor that affects the functions of the
testis. Interestingly, several types of evidences have linked the
estrogens, their nuclear receptors ERa (NR3A1) and ERb (NR3A2),
and Lxra/b [23–26].

Based on that, we hypothesized that Lxra/b could be in part in-
volved in the deleterious impact of estrogenic endocrine disruptors
on testicular physiology. To analyze whether such a link exists, we
neonatally treated wild-type or Lxr-deficient mice with a low dose
of DES and measured the body and testis masses, as well as accu-
mulation of lipids and DES-affected genes.

2. Materials and methods

2.1. Animals

The Lxr-deficient mice (Lxr�/�) were previously described [15],
maintained on a mixed background (C57BL/129sv) and housed in a
temperature-controlled room with 12-h light, 12-h dark cycles.
Mice were fed ad libitum with water and Global-diet 2016S from
Harlan (Gannat, France). Mice were daily injected subcutaneously
from days 1 to 5 after birth with 0.75 lg diethylstilbestrol (DES,
Sigma–Aldrich, L’Isle D’Abeau, France) diluted in 25 ll of corn oil
as previously described [27]. At day 10 or day 45, mice were eutha-
nized by decapitation less than 1.5 h after the beginning of the
light cycle and bled before tissue collection. All aspects of animal
care were approved by the Regional Ethics Committee (authoriza-
tion CE2-04).

2.2. Histology

Hematoxylin/eosin staining was performed as described previ-
ously [27]. Testes from 10- or 45-days-old mice were collected,
fixed with 4% paraformaldehyde and embedded in paraffin, and
5 lm-thick sections were prepared and stained with hematoxy-
lin/eosin (Supplementary data 1).

2.3. Real-time PCR

Following testis RNA extraction (TRIzol�; Invitrogen, Cergy-
Pontoise, France) and cDNA synthesis (SuperScript II First-Strand
Synthesis System; Fisher Scientific, Illkirch, France), real-time
PCR measurement of individual cDNAs was performed using SYBR
green dye to measure duplex DNA formation. Primer sequences are
shown in Table 1. Results were analyzed using the DDCt method.

Quantitative PCR experiments were performed as previously
described [15]. 18S was used as housekeeping gene.

2.4. TUNEL analysis

TUNEL experiment was performed as described previously [27]
on 5 lm of testis fixed in 4% PFA. Briefly 5-lm-thick paraffin-
embedded sectionswere deparaffinedwith toluol followed by rehy-
dratation. The slides of each group were incubated for 5 min in
unmasking buffer (citrate acetate 1.8 mM, sodium citrate 8.2 mM,
pH6.0) at 86 �C. Then the slideswere incubatedwith 0.3 U/ll termi-
nal deoxynucleotidyl transferase (Euromedex, Mundolsheim,
France), 6.7 mM biotin-11-dUTP (Euromedex), and 26.7 mM dATP
(Promega, Charbonnières, France) in terminal deoxynucleotidyl
transferase buffer 1 h at 37 �C. Counterstain was performed with
Mayer’s hematoxylin solution (Sigma–Aldrich) for 30 s. In each
testis, at least 100 random seminiferous tubules were counted.

2.5. Ki67 staining

Five-micrometer cryosections of testis were fixed 10 min in 4%
paraformaldehyde. Slides were incubated with anti Ki67 1/500

Table 1
qPCR primer sequences used for qPCR analyses.

Gene Sequence

18S fw GGGAGCCTGAGAAACGGC
rev GGGTCGGGAGTGGGTAATTTT

Lxra/nr1h3 fw TGCCATCAGCATCTTCTCTG
rev GGCTCACCAGCTTCATTAGC

Lxrb/nr1h2 fw CGCTACAACCACGAGACAGA
rev TGTTGATGGCGATAAGCAAG

Era/nr3a1 fw CATATGATCAACTGGGCAAAGA
rev ACTCCGGAATTAAGCAAAATGA

Erb/nr3a2 fw TCTTTGCTCCAGACCTCGTT
rev CCAGGAACTTGAGACATACAAACTC

Lrh1/nr5a2 fw CTCTTGATTCTCGATCACATTTACC
rev CCAGGAACTTGAGACATACAAACTC

Shp/nr0b2 fw CGATCCTCTTCAACCCAGATG
rev AGGGCTCCAAGACTTCACACA

CyclinA1 fw GATGTGTATGAAGTCGACACC
rev GTGGGGTCAACCAGCATTGG

CyclinA2 fw CAAGGAGTGTGTGCATCAGGACT
rev CTGGCCAGAAGTGTCTGTTC

CyclinB2 fw CTGGCCAGAAGTGTCTGTTC
rev TTTCTCGGATTTGGGAACTG

CyclinD1 fw TCTCCTGCTACCGCACAAC
rev TTCCTCCACTTCCCCCTC

CyclinD2 fw TCCCGCAGTGTTCCTATTTC
rev TCCCGCAGTGTTCCTATTTC

Stra8 fw GTTTCCTGCGTGTTCCACAAG
rev CACCCGAGGCTCAAGCTTC

Oct3 fw AAGTTGGAGAAGGTGGAACC
rev CTTCCTGCCACTTTTGGAAC

abca1 fw CGTTTCCGGGAAGTGTCCTA
rev GCTAGAGATGACAAGGAGGAGGA

Star fw TGTCAAGGAGATCAAGGTCCTG
rev CGATAGGACCTGGTTGATGAT

cyp11a fw CTGCCTCCAGACTTCTTTCG
rev TTCTTGAAGGGCAGCTTGTT

3bhsd3 fw ATGGTCTGCCTGGGAATGAC
rev ACTGCAGGAGGTCAGAGCT

cyp17 fw CCAGGACCCAAGTGTGTTCT
rev CCTGATACGAAGCACTTCTCG

Cyp19 fw CGGAAGAATGCACAGGCTCGAG
rev CGATGTACTTCCCAGCACAGC

Insl3 fw ACTGATGCTCCTGGCTCTGG
rev GGAGATGTCTCTGCTCTAGC

Lhr fw AGCTAATGCCTTTGACAACC
rev GATGGACTCATTATTCATCC

Fshr fw GTGCTCACCAAGCTTCGAGTCAT
rev AAGGCCTCAGGGTTGATGTACAG

Fw, forward primer; rev, reverse primer. Sequences are given 50 ? 30.
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(Tebu-bio, Le Perray en Yvelines, France) overnight at 4 �C and then
washed three times in 1 � PBS. Slides were incubated for 1 h at
room temperature with a goat antirabbit secondary antibody la-
beled with Alexa 488 (1/250; from Invitrogen). In each testis, at
least 100 random seminiferous tubules were counted.

2.6. Lipid analysis

Lipids were extracted as described previously [15]. High-perfor-
mance thin-layer chromatography plates (Silica gel 60; Merck)
were used after being prewashed with a mixture of methanol/chlo-
roform (1:1, vol/vol) followed by heating at 125 �C for 5 min. Plates
were then developed with hexane, diethylether, and glacial acetic
acid (80:20:2, vol/vol) and analyzed by densitometry (Sigma Scan
Pro; Sigma–Aldrich) using standards.

2.7. Testosterone measurement

Testosterone levels were measured in testis from 45 days old
mice using the direct ELISA Kit EiAsyTM WayTESTOSTERONE
(Diagnostics Biochem Canada Inc, London, Canada) according the
manufacturer’s instruction. Briefly, fresh testes were dounced-
homogenized in PBS-BSA 0.1 mg/ml and aliquots were used for
the testosterone as well protein assays.

2.8. Statistics

For statistical analysis, 2-way ANOVA was performed using the
statistical software package SigmaStat 3.0. When significant effects
of treatment or genotype or their interactions were obtained,
multiple comparisons were made with Holm–Sidak method. All
numerical data are mean ± SEM. A p value less than 0.05 was con-
sidered significant.

3. Results

As the activity of DES on testis function has been extensively
studied and the effects reported in numerous articles ([27]; for a
review see [28]), and in order to clarify the role of the nuclear
receptors Lxra/b in the development of these phenotypes, we
chose to compare the effect of DES vs. oil treatments in each
studied genotype.

3.1. Neonatal treatment with DES decreases body mass and testis
somatic index of LXR deficient-mice at 10 days

Neonatal DES treatment has been known to alter adult body
mass [29], as shown by the significant decreased body weights at
45 days for wild-type and Lxr�/� mice (Fig. 1A, left panel) demon-
strating the efficient effect of DES. Interestingly, at 10 days, a sig-
nificant 25% lower body weight was observed in the Lxr�/� mice
treated with DES, while this effect was not found in wild-type ani-
mals. This suggests that Lxr-deficient mice are more prone to DES
effect compared to wild-type animals. A similar DES-effect was
also found for testis somatic index, defined by the calculation of
the testis mass as a proportion of the total body mass (testis
weight/body weight � 100), (Fig. 1A, right panel): neonatal DES
treatment induced a higher decrease of the somatic index only in
Lxr�/�mice (20% at 10 and 45 days), compared to the Lxr�/�mice
treated with vehicle (oil). Conversely, DES did not alter the testis
weight of wild-type animals at these ages.

As many physiological functions of the testis are regulated by
nuclear receptors, we investigated whether neonatal DES treat-
ment could affect their mRNA levels (Fig. 1B). Both Lxr levels were
not modified by the treatment in wild-type animals. Estrogen
receptor Era accumulation was induced as previously shown
[27], demonstrating that DES was efficient. Likewise, Erb level
was increased by DES in wild-type mice. Two downstream Era
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genes were also accumulated, namely the encoding nuclear recep-
tors Lrh1 (NR5A2) and Shp (NR0B2) involved in lipid and steroid
homeostasis in testis [27], respectively 18- and 2.5-fold. Interest-
ingly, none of these genes was significantly accumulated following
the neonatal DES treatment in Lxr-deficient mice, suggesting that
part of the DES effect needs Lxr receptors.

3.2. Effect of DES on cell apoptosis is increased in LXR deficient mice at
10 days

As already reported [27], 0.75 lg DES did not induce a signifi-
cant cell apoptosis in testis at 10 days of life (Fig. 2A, left panel),
conversely to what was observed at 45 days. The same higher
apoptosis rate (2-fold, p < 0.001) was present in Lxr-deficient mice
at 45 days. Interestingly, a significant 3-fold increase (p < 0.0001) is
present at 10 days in the DES-treated Lxr�/�mice, suggesting they
are more sensitive to neonatal DES. While DES had no effect on cell
proliferation in wild-type mice, a slight (15%) but significant lower
proliferation was observable in DES-treated Lxr�/� mice at
45 days (Fig. 2A, right panel).

At 45 days, lower Cyclin A1 (marker of meiosis of germ cells),
Cyclin B2 (mitosis maker), and Oct3 (germ cell marker) mRNA accu-
mulation was shown in Lxr�/� mice neonatally treated with
0.75 lg DES. In wild-type mice, DES induced a higher accumulation
level of Cyclin A2 (mitosis marker) and a decreased level of Stra8
(meiosis marker) [27]. Altogether, the decreased meiosis marker
together with the increased cell apoptosis and the lower cell prolif-
eration rates could participate to the decreased somatic index of
the testis.

3.3. DES affects accumulation of lipids in testis at 45 days of age

Lipids have an important role in male fertility [30] and Lxra/b
regulate testis lipid homeostasis [14,15,31]. Besides, endocrine dis-

ruptors are known to alter lipid composition in testis [32]. We thus
wondered whether DES could interfere with the lipid defects ob-
served in Lxr�/� mice, such as the higher cholesterol ester accu-
mulation [14,15] (Supplementary data 2). As shown in Fig. 3A,
cholesterol ester levels were not differentially affected by DES
(means of 0.14 lg/mg tissue for vehicle vs. 0.12 for DES in
wild-type animals; 0.35 lg/mg tissue vs. 0.24 for Lxr�/� mice,
non-significant). As already described, testis total cholesterol was
decreased by DES-treatment in wild-type animals. This effect
was not observed in Lxr-deficient mice. Conversely a slight in-
crease of Abca1 (encoding the membrane cholesterol transporter
ATP-binding cassette 1) was observed in DES-treated Lxr�/� mice
(Fig. 3B, p = 0.1). Neonatal treatment with DES significantly de-
creased the amount of phosphatidyl-ethanolamine (55% decrease,
p < 0.05), phosphatidyl-choline (35% decrease, p < 0.05) and sphin-
gosine (25% decrease, p < 0.05). Note that these alterations were
not seen in Lxr�/� mice (Fig. 3A).

3.4. Lxra/b modify neonatal effects of DES on Leydig and Sertoli cells
markers

Lxra and Lxrb have been shown to regulate Leydig and Sertoli
cell physiology [15], by the transcriptional regulation of genes such
as Star, Cyp11a1, Cyp17 (encoding P450c17 enzyme) and 3bHSD
(encoding 3-beta-hydroxysteroid dehydrogenase), or the decrease
of the basal anti-Müllerian hormone (AMH) mRNA, respectively.
Neonatal treatment with DES induced a decreased accumulated
level Star, Cyp11a1 and Cyp17 in wild-type mice at 45 days.
Conversely 3bHSD, Cyp19 (encoding aromatase), Lhr (encoding
LH-receptor) and Insl3 (encoding insulin-like 3) were not signifi-
cantly affected. Interestingly, lack of both Lxr abolished DES effect
on Star level while 3bHSD was highly accumulated (Fig. 4A). The
levels of testosterone were significantly (p = 0.03) decreased by
30% at 45 days in Lxr�/� testis neonatally treated with DES
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(Fig. 4B). Besides, DES significantly enhanced the accumulation of
Fshr (FSH-receptor; 1.5-fold; Fig. 4B) as well as InhA (Inhibin A;
2-fold; data not shown), two Sertoli cell markers, in wild-type
but not in Lxr�/� mice.

4. Discussion

In a previous study Volle et al. [27] demonstrated that mice
treated with 0.75 lg DES induced the neonatal germ cell differen-
tiation without gross abnormalities in the male genital tract, nor
alteration in epididymis, vesicle seminals, and testis weights. The
authors showed that Shp-deficient mice were protected from DES
effects, which acts through several signaling pathways, such as
estrogen receptors Era and Erb. Our study points out that DES does
not always have a canonical effect on Lxr-deficient mice, i.e.
repression of the steroidogenic encoding genes, modification of
germ cell differentiation markers, and Sertoli cell physiology alter-
ation. This has been observed on the testicular somatic index as
well as on the accumulation of various transcripts involved in
endocrine functions, cell differentiation and lipid accumulation,
and encoded by Leydig, germ and Sertoli cells, respectively. Our
data could potentially establish a link between DES, Shp, Era/b
and Lxra/b.

The analysis of the transcript accumulation allowed classifying
the genes sensitive to neonatal treatment by DES in 3 categories
(Fig. 4C): (i) genes whose DES-variations are independent of
Lxra/b, such as Cyp11a1 and Cyp17; (ii) genes whose DES-varia-
tions are countered by Lxra/b, such as Oct3 and 3bhSD; (iii) genes
whose induction by DES needs the presence of Lxra/b, such as
Era, Shp, Lrh1, Star, and Stra8.

DES has been considered for years as the paradigm of the envi-
ronmental endocrine disruptors with an estrogen-like activity. In-
deed DES has been described to act through the estrogen receptors.

Regarding the results it appears that the nuclear receptors Lxra
and Lxrb not only are basally important for testicular physiology
but could also have a protective effect against estrogen-like endo-
crine disruptors as their absence induces a stronger variation of
important testis target genes in Lxr-deficient mice.
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Liver X receptor (LXR)α and LXRβ belong to the nuclear receptor superfamily. For many years, they have been
called orphan receptors, as no natural ligand was identified. In the last decade, the LXR natural ligands have
been shown to be oxysterols, molecules derived from cholesterol. While these nuclear receptors have been
abundantly studied for their roles in the regulation of lipid metabolism, it appears that they also present
crucial activities in reproductive organs such as testis and epididymis, as well as prostate. Phenotypic analyses
of mice lacking LXRs (lxr−/−) pointed out their physiological activities in the various cells and organs
regulating reproductive functions. This review summarizes the impact of LXR-deficiency in male
reproduction, highlighting the novel information coming from the phenotypic analyses of lxrα−/−,
lxrβ−/− and lxrα;β−/−mice. This article is part of a Special Issue entitled: Translating nuclear receptor from
health to disease.

© 2011 Elsevier B.V. All rights reserved.

1. LXRs at a glance

In the early 90's, the discovery of numerous nuclear receptors,
called “orphan” since no bona fide ligand had been identified, opened
the way of the reverse endocrinology [1]. In contrast to classical
endocrinology where the effector is discovered following the study of
its hormone, the nuclear receptor is used to screen for ligands, either
natural or not, which modulate its transcriptional activity. The ligand,
in turn, is used as a chemical tool to dissect the role of its nuclear
receptor in physiology and pathophysiology [2]. Over the past decade,
reverse endocrinology has been used to link several orphan receptors
to ligands and biological functions. Such philosophy has led to the
identification of liver X receptors (LXRs) α ([3]; NR1H3) and β ([4,5];
NR1H2) as oxysterol receptors [6,7], and to deciphering of their
physiological functions. In turn, synthesis of non-metabolisable
molecules modulating their transcriptional activity, permitted the
investigations of their putative interest as pharmacological targets [8].

LXRα and LXRβ form obligatory heterodimers with retinoid
receptors (RXR, NR2B1-3), the receptors of 9-cis retinoic acid [3,9].
LXRβ was found to be expressed in many tissues, whereas LXRα is
expressed mainly in a restricted subset of tissues known to play an
important role in lipid metabolism (such as liver, small intestine,
kidney, spleen, and adipose tissue; for a review, see Ref. [10]). In
absence of ligand, LXRs constitutively bind to RXRs and specific
binding sequences localized on target gene promoters [3], together
with co-repressors, which block transcription by recruitment of
histone deacetylase. Hence, the presence of the complex [RXR/LXR-
corepressor-histone deacetylase] on the DNA usually acts as a basal
repressor of gene transcription [9]. Oxysterol or 9-cis retinoic acid
binding to their respective nuclear receptors leads to modifications of
the ligand binding pocket within the carboxy-terminus domain. This
induces the release of the co-repressors and reinforces the interac-
tions with the co-activators [11]. This cascade of events allows the
recruitment of proteins with acetyl-transferase activity and a
permissive chromatin environment, which finally enhances LXR-
target gene expression and thus the physiological response of the cell.

A large number of natural LXR ligands have been described, such as
oxidized derivatives of cholesterol (for a review, see Refs. [12,13]). In
mammals, themain source of oxysterols remains endogenous production
[13]. An important enzymeof this pathway is the sterol 14α-demethylase
(EC 1.14.13.70, CYP51), a cytochrome P450 required for sterol biosyn-
thesis in different phyla, and the most widely distributed P450 gene
family being found in all biological kingdoms [14]. It catalyzes the first
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step following cyclization in sterol biosynthesis such as removal of the 14
alpha-methyl group from lanosterol in the cholesterol biosynthetic
pathway (Fig. 1). Interestingly, although the human 14α-demethylase
gene is expressed in a variety of tissues, the highest levels are observed in
testis, ovary, adrenal, prostate, liver, kidney, and lung. In the reproductive
tract, many activating oxysterols are present (for a review, see Ref. [13]):
including 22(R)-hydroxycholesterol (within the steroidogenic pathway),
follicularfluidmeiosis-activating sterol (FF-MAS), and its derivative, testis
meiosis-activating sterol (T-MAS).

Due to the lipid nature of the ligands, the physiological roles of LXRs
have been extensively detailed in the homeostasis of cholesterol in the
gut-liver axis [15]. The role of the LXRs on cholesterol metabolism was
determined using engineered knock-out mice lacking one (lxrα−/− or
lxrβ−/−) or both (lxrα;β−/−) isoforms. Historically, the first analyses
were performed on the lxrα−/− mice, which developed a hepatic
steatosis, due to cholesteryl-ester accumulationwhen fed a cholesterol-
rich diet [16]. The molecular mechanism leading to this phenotype was
the lackof upregulation of cyp7a1encoding for the rate-limiting enzyme
for the metabolism of cholesterol into bile acid (Fig. 1). Lxrβ−/− [17]
and lxrα;β−/− [17,18]micewere then obtained. The role of the LXRs in
cholesterol metabolism was thus extended to de novo synthesis of
cholesterol [19], excretion [16] and detoxification of bile acids [20] or

lipids [21], as well as in glucose homeostasis [22], immunity [23], skin
development andhomeostasis [24] andbrain functions [25,26]. LXRs, by
regulating expression of several genes (including ABCA1 [18,27], ABCG1
[28], apolipoprotein E (APOE) [29], and PLTP [30]) also play a critical role
in reverse cholesterol transport. Interestingly, activation of LXRs in
intestine and macrophages efficiently prevents atherosclerosis [31,32].
This review will emphasize the physiological roles of LXRs in the male
and thus focus on testis, epididymis and prostate (Fig. 2).

The hypothesis that LXRs could also have physiological roles in
steroidogenic and reproductive tissues came from difficulties in
maintenance of the mouse colony, as well as from previous studies
performed on the adrenals [33,34]. LXRα-deficient mice presented an
adrenomegaly due to a higher cholesteryl-ester content and a Cushing-
like syndrome, as shown by the increased levels of blood corticosterone
[33]. This work emphasized the role of LXRα as an important regulator
of adrenal cholesterol homeostasis through its ability to modulate
transcription of genes that govern the three major pathways of adrenal
cholesterol, namely efflux, storage, and conversion into steroid
hormones [33]. In vivo studies also showed that LXRα- and LXRβ-
deficient mice had reduced fertility, characterized by less frequent
conception and lower number of pups per litter [35,36]. Careful
examination confirmed that both sexes were affected by reproductive
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Fig. 1. Schematic representation of cholesterol synthesis and metabolism into androgens or bile acids. 3-Hydroxy-3-methyl-glutaryl-CoA (HMG-CoA) reductase is the rate-
controlling enzyme of the mevalonate pathway that produces cholesterol and other isoprenoids. This synthesis could virtually occur in all cells. Androgens synthesis mainly takes
place in Leydig cells, bile acids synthesis in hepatocytes. Structures of the main sterols are indicated: lanosterol, cholesterol, T-MAS, 22(R)-OH-cholesterol and 7α-OH-cholesterol.
For more details about the indicated enzymes, see text. StAR, steroidogenic acute regulatory protein; CYP51, 14α-demethylase; CYP7A1, cytochrome P450 cholesterol
7α-hydroxylase; CYP11A1, cytochrome P450 side chain cleavage; CYP17, cytochrome P450 17α-hydroxylase/17,20-lyase; 3βHSD, 3β-hydroxysteroid dehydrogenase type 2.
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abnormalities. Female mice showed i) ovarian hyperstimulation-like
syndrome [37], a syndrome characterized in women by ovarian
enlargement associated with an extra-vascular fluid concentration,
haemorrhagic ovarian corpora lutea and elevated estradiol serum levels
[38,39], as well as ii) parturition defects due to abnormal uterine
contraction [40]. LXR-deficient males present abnormal features both
within the testis and epididymis (see following chapter). Besides,
experiments performed on human cell culture suggested that LXRs
could have a protective effect in prostate cancer (see Chapter 4.1).

2. LXRα and LXRβ are involved in various physiological processes
in the testis

Investigation of LXR-double knock-out mice revealed a decreased
fertility at 5 months of age and evolving to complete infertility by
9 months [35,36]. Several testicular functions have been found
impaired in LXRα- and LXRβ-deficient mice: (1) steroidogenesis,
(2) lipid metabolism and (3) proliferation–apoptosis balance in germ
cells (Fig. 2).

Quantitative PCR analysis of both LXR isoforms showed that LXRα
is expressed in Leydig cells, while LXRβ was found in Sertoli cells,
suggesting a specific role of each isoform. Both LXRs are present in the
germ cells.

2.1. LXRα is involved in germ cell apoptosis while LXRβ controls
their proliferation

Spermatogenesis is maintained by a delicate balance between
proliferation, differentiation, and death of germ cells. Alteration of
these processes results in spermatogenic impairment and thus
infertility. Both proliferation and apoptosis were found altered in
LXR-deficient mice [36].

Analysis of the single LXR-KO mice showed that LXRα is involved
in the regulation of apoptosis in the testis [36]. TUNEL analyses
revealed that lxrα−/− (as well as lxrα;β−/−) mice had a signif-
icantly higher number of apoptotic cells compared with wild-type
mice, whereas a slightly but not significantly decreased number of
apoptotic cells was observed in lxrβ−/− mice. Consistent with these
data, mRNA expression analyses showed a higher accumulation of the
proapoptotic transcript Bad, as well as TNFα in LXRα-lacking mice.
Conversely, LXRβ-deficient (as well as lxrα;β−/−) mice had a
significantly lower number of proliferating cells [36] and cyclinA1

mRNA accumulation, suggesting that LXRβ is involved in germ cell
proliferation. Infertility and destructured testis were observed only
when both isoforms were absent [36]. A schematic view of a testis
tubule with the various cells and the proteins, whose accumulation
was altered, is given in Fig. 3.

2.2. LXRα controls androgen synthesis in testis

The hypothesis that LXRα could regulate androgen production came
from the decreased level of testicular testosterone observed in lxrα−/−
and lxrα;β−/− mice [36]. Type 1 3β-hydroxysteroid dehydrogenase
isomerase (3βhsdI) mRNA accumulation was the most affected of the
mRNA encoding the steroidogenic proteins (Fig. 3), whereas levels of
steroidogenic acute regulatory protein (StAR) and the cytochrome 11a1
(cyp11a1) and 17 (cyp17) transcripts remained unchanged (refer to Fig.
1 for the proteins).Moreover, significantly lower plasma concentrations
of luteinizing hormone (LH) were found in LXRα-deficient mice [36].
Thesedatawere confirmedby lower level of expressionof the specificβ-
chain of LH in the pituitary of these animals. Additionally, LXRα-
deficient mice were able to respond to human chorionic gonadotropin
challenge by an increased production of testosterone similar to their
wild-type controls. Interestingly, LXR agonist T0901317 increased
testosterone concentration inwild-typemice (almost 14-fold compared
to the vehicle-gavaged mice), as well as accumulation of StAR at both
mRNA and protein levels. Together, these data indicate that LXRα
regulates steroid synthesis not only in adrenal cells [33] but also in
Leydig cells [36].

2.3. Both LXRα and LXRβ play a crucial role in lipid homeostasis
in the testis

Part of the phenotype observed in the LXR-deficient mice was
correlatedwith an alteration of lipid homeostasis [35,36,41]. Themain
enzymes involved in the fatty acid pathway are indicated on Fig. 4.
mRNA levels of sterol response element binding protein-1c (srebp1c)
and fatty acid synthase (fas, Fig. 4), encoding the sterol response
element binding protein-1c and the fatty acid synthase, respectively,
were decreased by 40% in lxrα;β−/− mice (Fig. 3) compared to the
wild-type mice [36]. In contrast, the level of scd1, encoding the
stearoyl CoA-desaturase 1 (Fig. 4), was increased by 2-fold in LXR-
deficient mice (Fig. 3), while srb1, encoding the scavenger receptor
B1, abca1 (ATP-binding cassette, sub-family A member 1), and scd2

Fig. 2. Physiological roles of LXRs in male genital tract. Three main organs are targeted by LXR-disruption in male mice: testis, epididymis, and prostate. Schematically, LXRs regulate
lipid homeostasis in testis and epididymis, as well as apoptosis–proliferation equilibrium of spermatozoa (spz), testicular germ cells and prostate epithelium. For more details, see
text.
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(Fig. 4) were unchanged [36]. Interestingly, oil-red-O staining pointed
an accumulation of lipids in the Sertoli cells and in spermatids of LXR-
deficient mice. These observations confirmed that fatty acid metab-
olism is important for reproductive functions, as previously reported
[42]. It could also be concluded that lipid homeostasis alteration was
the first event in this long process of testis disorganization in
lxrα;β−/− mice [36], as suggested by Mascrez et al. [35].

Our data also showed that the lack of both LXRα and LXRβ leads to
an increase of RARα and RARβ (all-trans retinoic acid receptors,
NR1B1 and NR1B3), and retinaldehyde dehydrogenase-2 (RALDH-2)
expressions [36] (Fig. 3), resulting in deregulation of retinoic acid
signaling. This is seen in the expression pattern of known RAR-target
genes, such as dosage suppressor of mck1 homolog, meiosis-specific
homologous recombination (dmc1) and synaptonemal complex
protein 3 (scp3), and could lead to spermatogenic disorders. Lipid
accumulation has previously been observed in rat Sertoli cells in
hypervitaminosis A [43], suggesting links between retinoid and lipid
pathways. How the lack of LXRs act upon the retinoic acid signaling
pathway remains to be clarified; however, it could be hypothesized
that SHP (small heterodimeric partner, NR0B2), a non-canonical
orphan nuclear receptor, could play a major role as shown by Volle
et al. [44,45] by studying SHP-deficient mice. Indeed, SHP has been
described to be a negative regulator of a number of nuclear receptors
such as LXRs and RARs [46].

Phenotypic analysis of lxr−/− mice has thus shown that
cooperation between LXRα and LXRβ maintains both testis structure
and function. In human, Chen et al. [47] identified and characterized
two alternative spliced transcript variants of LXRα. LXRα2, which
has a shorter N-terminal domain and a reduced transcriptional
activity, was found highly expressed in testis. The physiological role of
the shorter form remains to be defined in man. Since ablation of LXRs
impairs the fertility of aging mice, a putative defect in LXR-signaling
cannot be excluded in the premature loss of fertility observed in
some men.

3. LXR-deficient mice present abnormal features of the epididymis

As described above, lxrα;β−/− male mice become completely
infertile when the animals reach the age of 9 months. The infertility

arises from the association of testicular alterations [36] with an
epididymal destructuration [48] observed in the two first segments of
the organ (for a schematic representation see Fig. 5), which functions
in regulation of the cholesterol homeostasis and maturation of
spermatozoa. The phenotype observed in the lxrα;β−/− mice is
characterized by an enlargement of the tubule lumen, with the
presence of an amorphous substance in the lumen and shrinkage of
the epithelial height. Interestingly, a 15-day supplementation with
androgens could not reverse the phenotype. Oil-red-O staining of
caput epididymidis cryosections reveals lipid accumulation in the
peritubular and interstitial tissues and the epithelium of lxrα;β−/−
male mice. The amorphous substance in the tubule lumen was not
stained, thus indicating that it was not composed of neutral lipids.
Many isolated spermatozoa heads and flagella were observed when
sperm were retrieved from the cauda epididymidis, revealing that the
gametes were fragile, probably as a result of both testicular and
epididymal dysfunctions [48]. The expression levels of genes
regulating the fatty acid metabolism also seemed to be affected
since quantitative real time RT-PCR showed that srebp1c, scd1 and
scd2 mRNAs were decreased in lxrα;β−/− male caput epididymidis
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compared to wild-type mice. However, the impact of these down
regulations was moderate as they do not influence fatty acid
compositions of separated phospholipid and neutral lipid fractions
in lxrα;β−/− animals [49]. Further investigations revealed that
cholesterol trafficking was a LXR-regulated mechanism in mouse
caput epididymidis, in a segment- and cell-specific manner [50]. In
LXRα- and LXRβ-deficient animals, apical cells present in the two first
caput segments had their cytoplasm filled with cholesteryl-ester
droplets, in associationwith a loss of ABCA1 in the apical membrane of
the apical cells (Fig. 5). The level of apoptotic apical cells was also
increased in lxrα;β−/− compared to wild-type mice. ABCA1 was thus
confirmed to be an important factor in the male reproductive tract,
as male mice invalidated for this gene were previously shown to have
a 21% fertility decrease over their lifespan. Both expression and
location of ABCG1 were different from ABCA1 and were not altered
in the epididymis of LXR-deficient mice. ABCG1 was present at the
apical pole of all epithelial cells in the proximal caput epididymal
segments [50], suggesting complementary functions for these
two cholesterol transporters in the epididymal epithelium. These
locations raise the question how cholesterol efflux could be involved
in sperm maturation.

Even though germ cells already presented abnormal lipid
accumulation in the testis [36], alterations of cholesterol homeosta-
sis may also be linked to sperm maturation defects along the
epididymal duct and lead to impaired fertility. In man, dyslipidemia,
obesity and/or hypercholesterolemia are generally associated with
testicular defects and endocrine perturbations whereas defaults in
epididymal sperm maturation are rarely investigated in these
situations. Recent data showed that fertile three month-old
lxrα;β−/− male mice became infertile when fed a 1.25% cholesterol
containing diet during four weeks. An atherosclerosis-like process
was observed in the proximal epididymis, provoking sperm
morphological abnormalities, decreased motility and viability and
premature acrosome reaction (Ouvrier et al. submitted). This study
brings forward the epididymis as an early target of cholesterol
toxicity in a dyslipidemic mouse model, and shows that post-

testicular sperm alterations may be associated with male infertility
under dyslipidemic conditions.

4. Physiological role of LXRα and LXRβ in prostate cancer

Prostate cancer is the most frequently diagnosed cancer and the
leading cause of death from cancer in men over 50 years old. Among
the various genetic and environmental risk factors, epidemiological
analyses have revealed a positive association between hypercholes-
terolemia and the development of prostate cancer [51,52]. Indeed,
epidemiological studies have shown that Chinese populations, with a
low risk to develop prostate cancer, had an increased risk after
migration to the United States. This environmental effect was
attributed to the deleterious impact of lipid consumption on this
cancer [53]. Actually, cholesterol accumulation in tumors was first
reported in the early 20th century [54] without any clear mechanistic
explanation [55]. One of the various hypotheses was that rapidly
proliferating cancer cells require new components to build de novo
plasma membrane. Consistent with this hypothesis, HMG-CoA
reductase inhibitors that impede de novo synthesis of cholesterol
block prostate cancer cell growth in vitro [56]. Statins and their
derivatives have thus been suspected to have benefits in prostate
cancer progression in patients undergoing long-term treatment
[57–59]. Even though LXRs are key-sensors of cholesterol homeostasis,
their role in prostate physiology remains poorly understood.

4.1. Both LXRα and LXRβ modify the apoptosis–proliferation balance in
prostate cancer cells

Fukuchi et al. [60] first reported the control of proliferation by LXRs
on LNCaP human prostate carcinoma cell line, in vitro aswell as in vivo.
In their experiments, LXR agonist T0901317 decreased the percentage
of cells in S-phase through an upregulation of p27kip1. The induction of
expression of the cholesterol membrane transporter ABCA1 by
T0901317 led to the assumption that ABCA1 was the key-regulator
of the cell cycle in response to LXR activation [61]. Freeman and

Fig. 5. Schematic representation of the role of LXRs in the caput epididymidis. Epididymis is organized in three parts (caput, corpus and cauda). Themain cells are indicated. Themajor
phenotype of the LXR-deficient mice is observed in the segments I and II of the caput with the lack of ABCA1 (indicated in red) in the apical membrane of the apical cells. Latin
numerals indicate the caput segments.
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Solomon proposed that a critical cholesterol concentration in the
membrane was required to allow raft coalescence [62]. Sequestration
of “oncogenic” signaling proteins in a restricted area through raft
coalescence could enhance their activity by exclusion of negative
regulators outside the rafts [63,64]. Based on that hypothesis, we
explored whether LXRs could modulate cholesterol concentration in
rafts [65]. In vitro and in vivo analyses revealed that modulation of LXR
activity triggered apoptosis of prostate cancer cells. This effect
involves both the increase of cholesterol efflux by ABC proteins and
the disruption of lipid-rafts signaling activity. Schematically (Fig. 6),
LXRs first mediate upregulation of ABCG1 that stimulates reverse
cholesterol transport. This results in a reduction in plasma membrane
cholesterol steady state levels. Then, both disruption of lipid-rafts and
down-regulation of raft-associated signaling in prostate cancer cells
are induced, together with a decrease in the phosphorylated fraction
of raft-associated AKT. Cholesterol replenishment prevents entry of
the cells into apoptosis in the presence of T0901317 demonstrating
that cholesterol homeostasis regulation by LXRs is a key-process to
control cell death. Consistent with this mechanism, chronic T0901317
treatment down regulates AKT and stimulates apoptosis of LNCaP
derived tumors in xenografted mice [65]. These results pointed out
that LXRα and LXRβ are important modulators of prostate cancer cell
survival. Altogether, these findings reinforce the idea to consider LXR
agonists as potential pharmacological agents in cancer prevention and
anti-cancer therapy (for a review, see Ref. [66]). Various studies
indeed enlighten the anti-proliferative and proapoptotic effects of
LXR-ligand on ovarian [67] and breast [68,69] cancer models.

4.2. LXRα and benign prostatic hyperplasia

Benign prostatic hyperplasia concerns 50% of men over the age
of 50 years [70]. Symptoms include urinary frequency, urgency
incontinence (compelling need to void that cannot be deferred),
and voiding at night (nocturia) [71]. Kim et al. [72] showed that
LXRα−/− mice presented benign prostatic hyperplasia-like features
on ventral prostate such as proliferative epithelial cells, multiple
layers of dense stroma around the prostatic ducts and dilated prostatic
ducts. These data suggest that LXRα agonists could also be useful in
the treatment of this potentially harmful pathology since some
patients may eventually progress to renal failure.

5. Are LXRs promosing pharmacological targets in
human diseases?

The discovery of new regulated transcription factors has always
opened severalfields of investigation. Fromanacademic point of view, it
is elegant to identify novel bona fide genes and associate the discovered
factor to newphysiological functions. The use of transgenic animals (fly,
mouse, worm…) usually helps in linking abnormal features of the
transcription factor (mutation or abnormal signaling pathway) to
human diseases. At last, once this milestone is reached, chemists can
synthesize thousands of new ligands in order to modulate the protein
activity. However, the main concern for pharmacology researchers is to
solve the pathological problem without opening Pandora's box to
optimize the ligands of therapeutical interest without inducing major
side effects (for a review, see Ref. [66]).

Studies on mice pointed out that LXR-deficiency could be
associated with several phenotypes resembling putative diseases
found in human such as metabolic disorders, reproductive failures,
central nervous system alterations, or various types of cancer [66].
Clinical use of LXR agonists should thus theoretically be useful in
reducing cholesterol levels, neural degeneration, parturition defects,
and cancer progression. Up to now, the major side effect of LXRs is a
hypertriglyceridemia due to their activity in the liver on the fatty acid
synthase. In analogy with what was done for the estrogen receptors, it
is likely that SLiMs (Selective Liver X Receptor Modulators) need to be
developed [66]. They should have tremendous therapeutical possi-
bilities, after having successfully undergone the extensive approval
process. In a near future…
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Introduction: Liver X receptors (LXR) are transcription factors that belong to

the nuclear receptor superfamily. Natural derivatives of cholesterol, known

as oxysterols, have been identified as agonistic ligands of LXR. They are thus

mainly considered to be intracellular cholesterol ‘sensors’ whose activation

leads to decreased plasma cholesterol. Their implication in other physiologic

processes currently prevents their use as therapeutic targets, because of

potentially deleterious side effects.

Areas covered: The various LXR agonists and antagonists, along with the

physiological functions of LXR. Putative clinical targets including atheroscle-

rosis, diabetes, Alzheimer’s disease, skin disorders, reproductive disorders

and cancer.

Expert opinion: LXR are promising pharmacological targets because of the

high potential to develop ligands owing to the variety of natural or synthetic

agonists. Three aspects should be developed to select a LXR-ligand for treat-

ment of human disease: bio-availability; isoform specificity; tissue specificity.

This will allow the development of selective liver X modulators (SLiMs). The

challenge is to overcome deleterious side effects to establish LXR as new

pharmacological targets.

Keywords: cancer, human diseases, LXR, nuclear receptors, pharmacology, reproduction

Expert Opin. Ther. Targets (2011) 15(2):219-232

1. LXR, two members of the nuclear receptor superfamily

Liver X receptor (LXR) a (NR1H3) and LXRb (NR1H2) belong to a subclass of
the nuclear receptor superfamily, that form obligatory heterodimers with retinoid
X receptor (RXR) [1], the receptor of 9-cis retinoic acid. In humans LXRa and
LXRb are encoded by two distinct genes located on chromosomes 11p11.2 and
19q13.3, respectively. LXR were initially isolated from a human liver cDNA library
as orphan receptors [1,2]. Later, oxysterols, which are oxidized derivatives of choles-
terol, were identified as their natural ligands [3] and the first physiological functions
were associated with cholesterol homeostasis.

LXRa was initially described as being highly expressed in a restricted subset of
tissues known to play an important role in lipid metabolism such as liver, small
intestine, kidney, spleen and adipose tissue whereas LXRb was found to be
ubiquitously expressed [4] (for LXR distribution in mouse see [5]).

1.1 Structure
Similar to other nuclear receptors, both LXR isoforms comprise four distinct
domains: i) an amino-terminal activation domain (AF-1), recruiting
ligand-independent co-activators, ii) a DNA-binding domain containing two zinc

10.1517/14728222.2011.547853 © 2011 Informa UK, Ltd. ISSN 1472-8222 219
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fingers, iii) a hinge domain, binding co-repressors in absence
of ligand and iv) a multi-functional carboxy-terminal domain,
required for dimerization, containing a hydrophobic ligand-
binding site and a transactivation domain (AF-2) recruiting
co-activators [6,7]. Interestingly, even though both DNA-
and ligand-binding pockets share 80% identity, human and
mouse LXRb are shorter than LXRa in their N-terminal
domain (12 and 11 amino acids, respectively) and longer
in the hinge region (23 and 18 amino acids, respectively)
(Figure 1). This fact could account for the lack of redundancy
in vivo, even though both LXR isoforms bind similar DNA
sequences and ligands in vitro.

1.2 Mechanism of activation
In the absence of ligand, Li et al. showed that LXR are acety-
lated proteins [8] (at residues K432 in LXRa and K433 in
LXRb, adjacent to the AF2 domain) and constitutively bound
with RXR to their LXR response element (LXRE) localized
on target gene promoters. The heterodimer interacts with
co-repressors, for example nuclear receptor co-repressor
(N-CoR) or silencing mediator for retinoic acid and thyroid
hormone receptor (SMRT) [9], which blocks transcription
by recruitment of histone deacetylase through the interaction
with proteins such as stress activated MAP kinase interacting
protein 3A (Sin3A) [10] (step 1, Figure 2). Oxysterol binding
to LXR (step 2) leads to modifications of the carboxy-
terminal domain that in turn induce the release of the
co-repressors. This rearrangement leads to the release of helix
12 that acts as a trap blocking the ligand in its binding pocket.
This reinforces interactions of co-activators such as activating
signal cointegrator-2, (ASC-2) [11] on the AF-2 domain [12].
This cascade of events sets the chromatin into a permissive
state (step 3). Concomitantly, sirtuine 1 induces the
deacetylation of LXR (step 4). This is followed by LXR
ubiquitinylation (step 5) and degradation by the proteasome
(steps 6 and 7).

1.3 Ligands
Among the various molecules that can bind LXR, agonists
induce the transcriptional activity of LXR while antagonists
block their activities on target genes.

1.3.1 Ligands with agonistic activity
A large number of natural LXR ligands have been
described. In mammals the physiological LXR agonist
ligands are oxysterols, oxidized metabolites of cholesterol
(for a review on oxysterols see [13]). Schematically, in mam-
mals, there are two sources of plasmatic oxysterols:
i) in vivo production by enzymatic or chemical pathways;
ii) exogenous nutritional supply [7]. Natural activating
oxysterols include 22(R)-hydroxycholesterol in steroido-
genic tissues, 24(S)-hydroxycholesterol in brain and pla-
sma, 24(S),25-epoxycholesterol mainly found in the liver
and 27-hydroxycholesterol in macrophages. These oxy-
sterols have been reported to activate both LXRa and
LXRb [3,7,14]. Besides these oxysterols, other cholesterol
derived molecules such as the follicular fluid meiosis acti-
vating sterol (FF-MAS) have been described as potent
activators of LXRa. Likewise, desmosterol, a cholesterol
precursor produced from zymosterol, could also activate
LXR [15]. Molecules derived from the bile acid pathway in
particular natural 6a-hydroxylated bile acids have been
proposed as putative ligands inducing transcriptional
activity of LXRa [16]. Various compounds derived from
plants or fungi are potential activators of LXR. These
include ergostan4,6,8,22-tertraen-3-one derived from Toly-
pocladium inflatum [17], a fungus isolated from Norwegian
soil that produces cyclosporin in certain conditions; acan-
thoic acid from rollinia [18], an exotic tropical fruit; gynosa-
porine from Gynostemma pentaphyllum [19], also called
jiaogulan, an herbaceous vine of the family Cucurbitaceae;
paxillin from Penicillium paxilli [19], a fungus. Interestingly
these molecules do not necessarily present an oxysterol-
like structure, which suggests that the pharmacology of
LXR and the discovery of natural ligands are at the
beginning of their history.

Many pharmaceutical companies have screened poten-
tial LXR ligands (for a review see [20]). Among them
T0901317 [21] and GW3965 [22], two nonsteroidal synthetic
LXR agonists, are commonly used in experimental studies.
T0901317, in contrast with GW3965, is not completely
selective for LXR [23-25]. However, a human therapeutic use
of these molecules is impossible because of their temporary
hypertriglyceridemic effect [26-28]. A promising synthetic
ligand was identified by Makishima’s group [29]. Derived
from ergosterol, a phytosterol of fungal cell membranes,
(22E)-ergost-22-ene-1a,2b diol (YT-32) proved to be a
potent LXR activator in vitro as well as in vivo. It induced a
reduction in plasma cholesterol concentration and was not
associated with the hypertriglyceridemia normally observed
with synthetic LXR agonists. To explain this selectivity,
Kaneko et al. [29] suggested that YT-32 may reduce the

Article highlights.

. Liver X receptors (LXR) are nuclear receptors activated
by natural and synthetic ligands. The chemical range of
these ligands is broad, which opens up various
opportunities to design new activators.

. LXR modulate numerous physiological functions: fatty
acid and cholesterol synthesis and metabolism, glucose
homeostasis, steroidogenesis and immunity.

. LXR-deficiency in mice results in several pathologies
mimicking pathological conditions in humans
(atherosclerosis, diabetes, Alzheimer’s disease, skin
disease, male and female reproductive disorders and
cancers). This demonstrates that LXR could be potent
pharmacological targets.

. The design of new ligands will have to focus on their
bioavailability and specificity towards LXR isoforms and
target tissues.

This box summarizes key points contained in the article.
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intestinal absorption of cholesterol, by inducing expression of
the transporters ATP-binding cassette, sub-family G (ABCG)
5 and ABCG8 (see Section 2.1.1.3), which could excrete the
compound from the apical membranes of mucosal cells.
A second hypothesis was that YT-32 could be secreted into

the bile by ABCG5 and ABCG8, before it could induce
expression of lipogenic genes in the liver. A third explanation
could be a tissue-specific agonist activity depending
on co-factor recruitment as observed for selective estrogen
receptor modulators. GlaxoSmithKline (GSK) has also
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Figure 1. Protein sequence alignments of human (h) and mouse (m) LXRa and LXRb. (*) identical amino acids; (:) similar amino

acids; (.) structurally related amino acids. The 9 Cys of the DNA-binding domain are indicated in red type. DNA- and ligand-

binding domains are underlined in red and blue, respectively. The two zinc fingers are boxed. P box, D box, hinge region,

alpha helixes (H) and beta sheet (S) are shadowed in yellow, purple, gray, red and green, respectively. Amino acids LLSEIWD

within the AF2 domain are in bold type. The contact surfaces with the cofactor glutamate receptor interacting protein (GRIP)

are shadowed in deep turquoise. Amino acids allowing the anchorage/discrimination of agonists (open circles), 22(S)

hydroxycholesterol (black circle) and poly unsaturated fatty acids (black squares) are according to [12,109]. The positions of the

alpha helixes are according to [110]. Colour available online (informahealthcare.com/ebt).
LXR: Liver X receptor; RXR: Retinoid X receptor.
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developed a non steroidal compound closely related to
GW3965 (GW6340) [30], which specifically activates intesti-
nal ABCA1, G5 and G8 expression (see Section 2.1.1.3) in
the absence of hepatic target gene induction.
Wyeth’s compound (LXR-623, an indazole) was tested in

Phase I clinical trials [31,32]: LXR target genes involved in the
reverse transport of cholesterol were upregulated in the mac-
rophages of healthy volunteers without any induction of
triglyceride synthesis. However, trials were terminated after
observation of adverse effects on the central nervous system
(CNS). Pharmaceutical companies have focused their efforts
on the identification of molecules specific of each LXR iso-
form. Unfortunately, as described above, there are only minor
differences in the LBD of LXRa and LXRb (Figure 1). This
high similarity prevents the development of a or b-selective
ligands. Nevertheless Wyeth Company has demonstrated
that heterocyclic scaffolds such as WYE-672, a phenylsul-
fone-substituted quinoxaline, are orally active and LXRb
selective agonists [33].

1.3.2 Ligands with antagonistic activity
Polyunsaturated fatty acids (PUFAs) known to be PPARa
and PPARd agonists, especially arachidonic acid, are the
main competitive natural antagonists of the interaction
between LXRs and their ligand [34,35]. A physiological role
of such antagonistic activity has been found associated with
the regulation of hepatic fatty acid elongase 5 (Elovl5; [36]).
Indeed, PUFAs could mediate a negative feedback regulation
on their own synthesis by blocking the transcription of sterol
regulatory element binding protein 1c (srebp1c), a master gene
involved in fatty acid synthesis, through repression of LXRa
(for more details see Section 2.1.2).

Guttiferone from Garcinia humilis [37], a fruit commonly
known as achacha and traditionally grown in Bolivia,
and riccardin, from the liverwort Blasia pusilla [38], are
natural antagonist compounds. From a therapeutic
point of view, there is little need for LXR inhibition. It
is therefore not surprising that very few synthetic
compounds with antagonist activity have been identified.
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Figure 2. Schematic representation of the activation/inhibition cycle of liver X receptor (LXR) heterodimerizing with retinoid X

receptor (RXR). In the absence of ligand, LXR/RXR is bound on DNA together with transcriptional co-repressor. Agonist binding

of one of the two receptors will induce departure of co-repressor (for example, NcoR) and recruitment of a large series of co-

activator (for example, ASC-2) on the AF2 domain. At the same time, transcriptional machinery proteins and RNA polymerase II

will increase the transcription of the target gene, which will finally activate the physiological response. The role of Sirtuine

1 (Sirt1) is to deacetylate LXR, which will be ubiquitinylated and directed toward the proteasome.
Adapted from [111].

Ac: Acetylation; ASC-2: Activating signal cointegrator-2; HDAC: Histone deacetylase; LXR: Liver X receptor; NcoR: Nuclear receptor corepressor; RXR: Retinoid X

receptor; Sirt1: Sirtuine 1; Ub: Ubiquitin.
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22(S)-hydroxycholesterol [39] and esterified-fibrates [40]

block LXR activity by occupation of the ligand-binding
pocket without induction of co-factor recruitment.

2. Physiological functions of LXR

Over the last two decades, identification of the physiological
functions of nuclear receptors has been the main focus of
many research teams throughout the world. It has led to the
development of new biological concepts such as ‘reverse endo-
crinology’ [41]. The development of synthetic agonists and the
study of LXR-deficient mice (LXR knock out or LXR-/- mice)
have resulted in the discovery of unanticipated nuclear signal-
ing pathways for oxysterols with important physiological and
pharmacological ramifications. Altogether, LXR functions can
be schematically associated with four physiological functions:
i) lipid metabolism including fatty acid and cholesterol
homeostasis, ii) glucose homeostasis, iii) steroidogenesis, and
iv) immunity (Figure 3).

2.1 LXR and lipid metabolism
2.1.1 Regulation of cholesterol homeostasis
LXR regulate cholesterol homeostasis by acting on three path-
ways: inhibition of de novo synthesis, induction of bile acid
synthesis and activation of reverse cholesterol transport.

2.1.1.1 De novo synthesis
LXRa-deficient mice are characterized by a higher basal
expression of several genes involved in hepatic cholesterol
metabolism such as srebp2 and its target genes 3-hydroxy-3-
methyl-glutaryl (HMG)-CoA reductase and synthase, farnesyl
diphosphatase and squalene synthase [42]. In addition,
T0901317 inhibits expression of the genes encoding squalene
synthase and HMG-CoA synthase in vivo [21].

2.1.1.2 Bile acid synthesis
LXRa-, but not LXRb-, deficient mice, develop hepatic stea-
tosis resulting from cholesteryl ester accumulation when fed a
cholesterol-rich diet [42]. This phenotype is caused by ham-
pered upregulation of the cyp7a1 gene, which encodes the first
and rate-limiting enzyme of bile acid synthesis from choles-
terol. It is noteworthy that cyp7a1 regulation by LXRa is
only observed in rodents [43].

2.1.1.3 Reverse cholesterol transport
In the reverse transport process, excess cholesterol is carried
by high-density lipoproteins (HDL) from peripheral tissues
to the liver where it can be metabolized. The ATP-binding
cassette (ABC) transporters, involved in cholesterol removal
from cells to extracellular acceptors, are essential for the
regulation of cellular cholesterol concentrations. Mutations
of the ABCA1 gene are detected in Tangier disease, a
familial HDL-deficiency associated with a high risk of
developing atherosclerosis [44]. Likewise, mutations of
ABCG5 and ABCG8 have been described in patients with

b-sitosterolemia, a rare autosomal recessively inherited lipid
metabolic disorder, characterized by hyperabsorption and
decreased biliary excretion of dietary sterols, leading to
hypercholesterolemia. This indicates the role of these pro-
teins in the regulation of cholesterol accumulation in intes-
tine [45]. In fact, LXR activation increases the expression of
ABCA1 [46,47], ABCG1 [46,47] and ABCG5/ABCG8 [4] by
binding to LXRE in their promoters. In vivo, abca1
regulation is abrogated in macrophages and intestine of
LXRab knockout mice, demonstrating that ABC transport-
ers are critical for the ability of LXR to enhance reverse
cholesterol transport.

Another mechanism involving LXR and the reverse
transport of cholesterol is the induction of apolipoprotein
encoding genes, such as apoE [48].

2.1.2 LXR and fatty acid metabolism
Repa et al. first described the interplay between cholesterol
and fatty acid metabolism by demonstrating that the srebp1c
gene, which encodes a membrane-bound transcription factor
of the basic helix-loop-helix-leucine zipper family involved
in fatty acid metabolism, was a genuine target gene of LXR.
Analysis of the mouse srebp1c gene promoter revealed a
RXR/LXR DNA-binding site that is essential for this regula-
tion [49]. Schultz et al. showed that T09013017 treatment of
wild-type mice upregulated scd1 (stearoyl-CoA desaturase 1),
acc (acetyl CoA carboxylase) and fas (fatty acid synthase),
increasing hepatic triglyceride content and plasma triglyceride
concentration [21]. These effects are absent in LXRa-/- but not
LXRb-/- mice, suggesting that LXRa is the main isoform
responsible for hepatic lipogenesis and the deleterious effect
of LXR activation [26], resulting in elevated levels of
circulating triglycerides.

2.2 LXR and glucose homeostasis
Carbohydrate response element binding protein (ChREBP) is
a central regulator of lipid and glucose homeostasis in the
liver. It is required for glucose-induced expression of the
glycolytic enzyme liver-pyruvate kinase (L-PK) and acts in
synergy with SREBP1c to induce lipogenic genes such as
ACC and FAS. Even though ChREBP is a LXR target
gene [50], LXR stimulation does not promote ChREBP phos-
phorylation or nuclear localization, unless the intra-hepatic
glucose flux is increased [51].

LXR also inhibit gluconeogenesis by downregulating the
genes encoding enzymes such as phospho-enolpyruvate-
carboxykinase (PEPK), fructose-1,6-biphosphatase (F1-6B)
and glucose-6-phosphatase (G6P). Moreover, in white adi-
pose tissue, GW3965 activates expression of the gene encod-
ing GLUT-4, an insulin-sensitive glucose transporter [52].
This results in an increased uptake and utilization of glucose.
Murine and human genes encoding GLUT-4 are direct LXR
target genes [52]. It has been demonstrated that the activation
of LXRb in rat pancreatic islet cells and isolated human
islets enhanced glucose-dependent insulin secretion [53,54].
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However, no major effect on circulating insulin concen-
trations in vivo has been reported. LXRb- but not
LXRa-deficient mice develop glucose intolerance and diabe-
tes when fed a high-fat diet [55]. This suggests that insulinemia
is mainly controlled by LXRb in vivo [56]. Therefore,
activation of LXR lowers circulating glucose concentrations.

2.3 LXR and steroidogenesis
Cummins et al. underlined a major role of LXRa in control-
ling the steroidogenic function of the adrenal [57]. Indeed, cor-
ticosterone levels were increased in LXRa-deficient mice as a
consequence of upregulation of steroidogenic acute regulatory
protein (star), cytochrome P450, family 11, subfamily A,
polypeptide 1 (cyp11a1) and 3 beta-hydroxysteroid dehydro-
genase (3bhsd), three major steroidogenic genes. Treatment
of mice with T0901317 also increased expression of these
genes, resulting in enhanced production of corticosterone.
Molecular analysis established star as a direct target gene of
LXR. LXRa also regulates star expression in Leydig cells.
Indeed T0901317 treatment of wild-type mice induced a
strong increase in intra-testicular testosterone as well as star

and 3bhsd transcripts. This effect was abrogated in mice lack-
ing LXRa [58,59]. An induction of star transcript by
T0901317 was also observed in the ovary [60]. Altogether
these data demonstrate that activation of LXRa increases the
production of steroids in all the tissues tested so far.

2.4 LXR and immunity
The proinflammatory role of LXR was first described in mouse
macrophages where GW3965 reduced LPS-induced expression
of proinflammatory factors, including COX-2, iNOS, IL-6 and
IL-b [61]. LXR agonists may suppress the transcription of genes
encoding iNOS and COX-2 through inhibition of NF-kB [61].
Transcriptional inhibition of the MMP-9-encoding gene was
also shown. This enzyme, by degrading extracellular matrix,
promotes vascular tissue remodeling and thus development of
atherosclerotic plaques. Activation of LXR blocks LPS-
induced expression of this gene in macrophages. As expected,
this inhibition was lost in LXRab-/- mice [62]. Castrillo et al.
[63] described a cross-talk between LXR and toll-like receptor
(TLR) signaling by interferon regulatory factor 3 (IRF3), a spe-
cific effector of TLR3/4 that inhibits the transcriptional activity
of LXR on its target promoters. When TLR3/4 is enhanced by
bacterial or viral pathogens, LXR target genes are inhibited.
This modulates cholesterol metabolism in macrophages and
their transformation into foam cells. In primary human macro-
phages, the nuclear receptor Rev-erba, which inhibits TLR4, is
a direct target for LXR [64].

Osteopontin is a proinflammatory cytokine, which
stimulates macrophage attraction. T0901317 and GW3965
suppress cytokine-induced osteopontin gene expression in
macrophage cell lines and in mice [65].

3. Putative pharmacological targeting

Phenotypic analysis of LXR-/- mice has shown that the
lack of one or both LXR isoforms resulted in the develop-
ment of pathologies mimicking some human diseases.
Hence, LXR are thought to be promising pharmacological
targets (Figure 4).

3.1 LXR and atherosclerosis
The LXR signaling pathway clearly displays anti-atherogenic
properties, both by reducing cholesterol levels and by anti-
inflammatory properties. Joseph et al. reported that in
APOE-/- mice and in LDLR-/- mice fed a high-cholesterol
diet, LXR agonists reduce atherosclerotic lesions [66]. More-
over, LXR are also implicated in the physiology of macro-
phages in which they stimulate the transcription of genes
encoding ABC transporters involved in cholesterol efflux
(for more details, see 2.1.1.3). This could inhibit their trans-
formation into foam cells in response to lipid loading.
WAY-252623 (LXR-623) is a highly selective and orally
bioavailable synthetic modulator of LXR, which demon-
strated efficacy for reducing the progression of lesions in the
mouse LDLR-/- atherosclerosis model. Moschetta’s group
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Figure 3. LXR target genes in steroidogenesis, lipid and

glucose homeostasis, and immunity. The reported

genes correspond to the list mentioned within the text.

(+) upregulated gene; (--) down regulated gene.
ABC: ATP-binding cassette; ACC: Acetyl CoA carboxylase; ApoE: Apolipopro-

tein E; ChREBP: Carbohydrate responsive element binding protein; COX-2:

Cyclooxygenase-2; CYP11A1: Cytochrome P450 side-chain cleavage; ENG:

Endoglin/CD105; FAS: Fatty acid synthase; F1-6B: Fructose 1,6 biphosphatase;

Glut4: Glucose transporter 4; G6P: Glucose-6-phosphatase; 3bHSD: 3b-
hydroxysteroid dehydrogenase; IL-6: Interleukin-6; iNOS: Inducible nitric oxide

synthase; PEPK: Phospho-enol pyruvate kinase; SCD1: Steraoyl-CoA desaturase

1; SREBP1c: Sterol regulatory element binding protein 1c; StAR: Steroidogenic

acute regulatory protein.
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demonstrated that genetic intestinal-specific LXR activation
led to decreased intestinal cholesterol absorption, improved
lipoprotein profile, and increased reverse-cholesterol transport
in vivo in the absence of hepatic steatosis [67]. This protected
LDLR-deficient mice from atherosclerosis. This study identi-
fied the intestine as a key player in the LXR-driven protective
environment against cardiovascular disease [67]. Using a
pharmacological approach with GW6340, Yasuda et al. [30]

showed that intestinal-specific LXR activation promotes mac-
rophage reverse cholesterol transport. ABCA1, ABCG5 and
ABCG8 were significantly upregulated in the small intestine,
but not in the liver. Two independent mechanisms could
account for these observations: increased intestinal HDL
production and promotion of intestinal excretion of HDL-
derived cholesterol [30]. Hence these data demonstrate that
activation of LXR in intestine and macrophages efficiently
prevents atherosclerosis.

Likewise, and in contrast with T0901317, LXR-623 treat-
ment was not associated with increased hepatic lipogenesis.
In non-human primates with normal lipid levels, LXR-623
significantly reduced total and LDL-cholesterol in a time-
and dose-dependent manner. It was also associated with
increased expression of the target genes ABCA1/G1 in periph-
eral blood cells [68]. These observations suggested that
LXR-623 was a promising pharmacological ligand to target
atherosclerosis. However, as discussed above, the first clinical
trial with this synthetic LXR ligand showed adverse effects [31].

While ABCA1 and G1 were upregulated in a dose-dependent
manner in peripheral blood, participants presented CNS dis-
orders such as confusion, forgetfulness, palpitations and
decreased attention at the highest doses. Although promising,
LXR-623 was therefore declared unsuitable for patients.

Human genetics also illuminate LXR as putative pharma-
cological targets. Indeed analysis of LXR gene sequence in
patients with coronary heart disease (CHD) identified, three
mutations in the ligand binding domain of LXRa [69].
A modeling study revealed that the mutations created confor-
mational changes that could prevent activation of LXRa by its
natural ligands.

3.2 LXR and diabetes
Diabetes mellitus type 2 is a metabolic disorder that is
characterized by high blood glucose in the context of insulin
resistance, which is an important contributor to its pathogen-
esis [70]. Obesity is also a risk factor to the development of this
type of diabetes [70]. Treatment of diabetic rodents or mouse
models of diet-induced obesity with LXR agonists improves
glucose tolerance [52,71]. However, in vitro experiments
showed that the lipogenic effect of LXR agonists in the skele-
tal muscle of patients with type 2 diabetes was increased in
comparison with healthy control subjects [72]. This study
showed that LXR activation could promote triglyceride accu-
mulation in the presence of high glucose concentration in
skeletal muscle cells, probably via the induction of the expres-
sion of lipogenic enzymes [72], which could represent the dark
side of LXR-activation in the muscle. A study on a Swedish
population of 559 obese women revealed that one and two
single-nucleotide polymorphisms in the non coding regions
of LXRa and LXRb respectively, were associated with
obesity [73]. In conclusion, LXR are key factors in glucose
metabolism and could represent alternative targets for clinical
management of type 2 diabetes.

3.3 LXR and Alzheimer’s disease
Alzheimer’s disease (AD) is characterized by a progressive neu-
ronal degeneration and the accumulation of intracellular inclu-
sions and extracellular deposits of b-amyloid plaques. The
main component of these plaques is Ab peptide produced by
the cleavage of the Amyloid precursor protein (APP) by a
b-secretase. Epidemiological and biochemical data have sug-
gested a link between cholesterol, APP processing, Ab peptide,
and Alzheimer disease [74]. Indeed, a decreased prevalence of
AD is associated with the use of cholesterol-lowering drugs
such as statins [75,76], which inhibit HMG-CoA reductase and
thus de novo synthesis of cholesterol. Koldamova et al. evaluated
the effect of T0901317 on abca1 expression in the brain of
APP transgenic mice, models of AD. T0901317 significantly
enhanced abca1 expression and downregulated the production
of Ab peptide, suggesting that ABCA1 plays a protective role
preventing AD progression [77]. Moreover, the loss of lxra or
lxrb in APP23 transgenic mice increases Ab deposit [78]

whereas activation of LXR by T0901317 causes a significant
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Figure 4. Synthesis of the role of liver X receptor (LXR) in

physiology and putative associated diseases. The role of LXR

in the control of lipid and glucose homeostasis, immunity

and steroidogenesis has been extensively studied. Moreover,

careful analysis of LXR-deficient mice led to the proposal of

the role of the abnormal LXR-signaling pathway in the

development of the indicated diseases. LXR could thus be

considered as interesting pharmacological targets, even

though many challenges must be solved before the use of

LXR agonists in humans.
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reduction of the memory deficits observed in the
APP23 model, fed a high-fat diet [79]. Zelcer et al. [78] also
showed that LXR activation decreases the inflammatory
response which may be involved in AD. Likewise, seladin-1/
DHCR24, a selective AD marker, is a LXR target gene [80].
A recent study has shown that T0901317 significantly
decreases amyloid pathology caused by high-cholesterol diet,
improving cognitive performance [79]. Altogether these data
indicate that LXR may be promising pharmacological targets
for the treatment of AD and other neurological conditions
characterized by disruption of cholesterol homeostasis. More-
over, two single-nucleotide polymorphisms in LXRb have
been associated with AD [81,82], confirming that LXR could
be involved in this neurodegenerative disease.

3.4 LXR and skin disorders
LXR is essential for cutaneous barrier function. Both LXRa
and LXRb are expressed in human keratinocytes and fetal
rat epidermis whereas LXRb is predominantly expressed in
mouse epidermis [83,84]. In addition, oxysterols may be formed
de novo in epidermis by cholesterol oxidation. They could
stimulate LXR, resulting in human keratinocytes differentia-
tion through increased expression of involucrin, a protein of
the cornified envelope [84]. Studies on LXR-/- mice showed
that epidermal differentiation was regulated by LXRb and
that oxysterols could induce differentiation and inhibit prolif-
eration through LXRb activation [83]. After acute permeability
disruption, ABCA1 expression decreases keratinocyte choles-
terol efflux to increase the availability of cholesterol for regen-
eration of the barrier [85]. In vivo studies showed that LXR
agonists could reverse aging-associated syndrome in a photo-
aging animal model [86] as well as clinical symptoms of atopic
dermatitis, an inflammatory chronically relapsing and non-
contagious skin disorder, in a mouse model of atopic derma-
titis [86,87]. In conclusion, activation of LXR could inhibit skin
alterations associated with aging.

3.5 LXR and reproductive tract disorders
In vivo studies have shown that LXRa and LXRb-/- mice had
reduced fertility. A decrease in conception and a lower
number of pups per litter have been documented [88].

3.5.1 LXR and female reproduction
Although LXR exert a positive effect on steroidogenesis in the
adrenal cortex [57], LXR repress steroidogenesis in human
ovarian luteal cells [89]. Interestingly, treatment of LXR-/-

mice with gonadotropins leads to ovarian hyperstimulation
syndrome (OHSS), mimicking the complications observed
in women treated for infertility [60]. This syndrome is charac-
terized by ovarian enlargement, associated with an extra vas-
cular fluid concentration, hemorrhagic ovarian corpora lutea
and elevated estradiol serum levels. It could thus be interesting
to investigate the genetic status of LXR in women developing
OHSS. LXR may be considered as a new putative target for
the prevention of this affection.

LXR are also strongly expressed in mouse and human
placenta during development. This suggests a crucial role of
LXR in different placental activities such as hormone pro-
duction, fetomaternal tolerance, lipid metabolism and
parturition [90]. Moreover, endoglin/CD105 (ENG), a major
gene implicated in placental implantation is a LXR target
gene [91]. Endoglin/CD105 is highly expressed in syncytiotro-
phoblasts and is part of the TGF receptor complex that binds
several members of the TGF-b superfamily. In the human pla-
centa, ENG is involved in the inhibition of trophoblast inva-
sion. Treatment of human choriocarcinoma JAR cells with
T0901317 leads to a significant increase in ENG mRNA and
protein levels. LXRa has been shown to bind and activate the
ENG promoter in JAR cells. Normal pregnancy is always
accompanied by increased oxidation of LDL particles. It could
be proposed that increased production of lipid peroxides in the
maternal blood during preeclamptic pregnancies may increase
internalization of oxLDL in trophoblasts cells. This would acti-
vate LXR and increase membrane ENG expression, and, in
turn, could enhance the TGF-b 1/3 inhibitory signal, slowing
down trophoblast invasion. This would result in precocious
disruption of placental adherence and enhancement of the
preeclamptic symptoms. Indeed a shallow placentation with
abnormal invasion of cytotrophoblasts and incomplete
remodeling of uterine spiral arteries is observed in preeclamp-
sia. Interestingly, increased levels of ENG secreted by the
placenta have been detected in the maternal circulation before
the onset of preeclampsia. It has been postulated that this
secreted ENG plays a pathogenic role, contributing to systemic
endothelial dysfunction, resulting in hypertension and other
systemic manifestations of preeclampsia. In summary, these
data suggest that inappropriate expression and/or function
of ENG that could result from upregulation by LXR, may
contribute to major complications of pregnancy, such
as preeclampsia.

LXRb plays a crucial role in the contractile ability of the
mouse uterus [92]. Indeed, LXR-/- mice exhibited a marked
decrease in abcg1 accumulation. This change resulted in a
phenotype of cholesteryl ester accumulation. Also, a defect
in contractile activity induced by oxytocin or prostaglandin
F2a (PGF2a) was observed in mice lacking LXRb. These
results imply that LXRb acts as a safety valve to limit choles-
teryl ester levels in the uterus and is necessary for a timely
induction of contractions. LXRb is thus a possible novel
target to prevent parturition defects in women.

3.5.2 LXR and male reproduction
Male LXR-/- mice show decreased fertility at 5 months of age
and complete infertility by the age of 9 months [59,93]. This
results in multiple alterations in the male genital tract.
Cholesterol ester accumulation induces disorganization of
the epithelium of the caput epididymis [93,94]. This accumula-
tion which results from the loss of ABCA1 enhances apoptosis
of epithelial cells [95]. LXR are also involved in several
testicular functions: i) steroidogenesis, ii) lipid metabolism
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and iii) control of the proliferation/apoptosis balance in germ
cells. More specifically, LXRb-/- mice exhibit cholesterol ester
accumulation in Sertoli cells and a decrease in germ cell pro-
liferation. On the other hand, LXRa-/- mice present decreased
testosterone synthesis and lower plasma LH concentration as
well as an increase in germ cell apoptosis [58,59]. Hence, coop-
erative functions of LXRa and LXRb maintain both testis
structure and function. The lack of LXR impairs the fertility
of aging, but not of young mice. Therefore, LXR signaling
disruption in the male reproductive tract could be considered
as a risk factor involved in premature loss of fertility observed
in some men. It could be that a drug activating LXR could
also improve testicular functions.

3.6 LXR and cancer
Treatment of hormone-dependent cancers by LXR agonists
seems promising. Indeed T0901317 shows anti-proliferative
(induction of p21 and p27 with a concominant reduction in
phospho-RB protein levels) and pro-apoptotic (caspase-3
and B-cell leukemia/lymphoma associated X protein (BAX)
gene expression) characteristics on a cell model of ovarian
carcinoma [96].

In breast cancer cell lines, activation of LXR significantly
reduced proliferation by the suppression of mRNA and/or
protein expression of S-phase kinase-associated protein
2 (Skp2), cyclin A2, cyclin D1 and estrogen receptor (ER)
alpha, whereas it increased the expression of p53 at the pro-
tein level and maintained the retinoblastoma protein in a
hypophosphorylated active form. The authors suggested that
these changes may constitute part of the molecular mecha-
nisms behind the antiproliferative effect of LXR [97]. Interest-
ingly, Kim et al. showed that in absence of ligand, LXRa
interacts with an ubiquitin E3-ligase protein complex con-
taining breast and ovarian cancer susceptibility 1 (BRCA1)-
associated RING domain 1 (BARD1) [98]. As expected, LXR
ligand represses ubiquitination and degradation of LXRa,
and the interaction between LXRa and BARD1. This ligand
effect might be critical for the early step of transcriptional
activation of ligand-stimulated LXRa, through a stable
binding of LXRa to the promoters of target genes.

Prostate cancer is the most frequently diagnosed cancer and
the second leading cause of cancer death in men [99]. It is now
well established that androgens play a crucial role in develop-
ment and progression of prostate cancer [100]. Androgen abla-
tion is the prevalent therapy for this type of cancer. However,
several risk factors have also been described, among which are
environmental factors. Epidemiological studies have shown
that Chinese populations with low risk of developing prostate
cancer had an increased risk of prostate cancer after migration
to the USA. This environmental effect was attributed to the
deleterious effect of lipids on this cancer [101]. Consistent
with this hypothesis, a clinical study revealed that hypercho-
lesterolemia increases prostate cancer risk [102] while statin
treatment was associated with a lower risk of metastatic
prostate cancer [103,104]. Several groups have thus investigated

the roles of LXR in prostate physiology. T0901317 decreases
the number of proliferating cells [105,106] and induces apopto-
sis of the prostate cancer cell line LNCaP [105,106]. In vivo oral
administration of T0901317 slows tumor growth of LNCaP
cells transplanted into athymic mice [107]. These activities
have been attributed to induction of ABC transporters [107]

and disruption of lipid raft signaling activity [106]. Taken
together, these data suggest that impaired LXR signaling
contributes to prostate cancer progression and indicate the
potential use of LXR agonists as pharmacological agents in
cancer prevention.

Another frequent prostatic pathology is the benign prostate
hyperplasia (BPH) that affects 80% of men over the age of
50 years. LXRa-/- mice present BPH-like features in the ven-
tral prostate. They are characterized by proliferative epithelial
cells, multiple layers of dense stroma surrounding the pros-
tatic ducts and dilated prostatic ducts [108]. Therefore, LXR
agonists could also prevent or control BPH in patients.

4. Conclusion

In the last decade, phenotype analyses of LXR-deficient
mice have allowed the association of LXR-signaling path-
ways dysfunction with several human pathologies. These
include reproductive (germ cell apoptosis, parturition defects,
in vitro fertilization side-effects) and metabolic disorders
(type 2 diabetes, hypercholesterolemia), nervous system alter-
ations (Alzheimer disease, neurogenerative diseases), der-
matological affections (skin aging, atopic dermatitis) and
hormone-dependent cancers (ovarian, breast and prostate).
Development of LXR synthetic agonists has allowed the
identification of new target genes. These are involved in the
control of various physiological processes such as cholesterol
and triglyceride synthesis, glycemia, steroidogenesis and
inflammation. Although in vitro studies showed that LXRa
and LXRb could be considered as interchangeable isoforms,
in vivo analyses have shown that they do not have redundant
functions even when expressed in the same cell type at
similar levels.

5. Expert opinion

Before considering acting directly on LXR transactivation
capacities in human, several questions still have to be
addressed. A good pharmacological agonist should be efficient
at low plasma concentration and should provide the highest
specificity of action. At least, three aspects should be taken
into account: i) bio-availability of the ligands; ii) LXR isoform
specificity; iii) tissue specificity. If this is to be achieved, it
becomes quite obvious that the screening of new ligands solely
by hybrid reporter gene systems is inappropriate.

1) As LXR are ligand-activated transcription factors,
the availability of the agonists, natural or not, is of
primary importance. Indeed, when YT-32 was initially
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identified as a cholesterol-lowering agent in the absence
of hypertriglyceridemic effect [29], Makishima’s group
suspected the inability of YT-32 to be transported to
the liver. Similarly GW6340 has been described to be
an intestine-specific LXR activator [30]. Building on
these observations it can be suggested that an
oxysterol-like molecule has a good chance of being
efficient in the intestinal regulation of cholesterol
absorption. In contrast, a topical agonist must be engi-
neered to prevent systemic distribution, to avoid any
side-effects such as increased hepatic triglyceride
production or elevated steroid synthesis by the gonads.

2) Enumeration of the physiological roles of LXR shows
that LXRa and LXRb are not fully interchangeable. It
is thus important to develop isoform-specific ligands.
For example, the development of a brain-available
ligand, specific to LXRb, would be indicated for
the treatment of neurodegenerative diseases such as
Alzheimer’s disease. Conversely, development of
LXRa-specific ligands would be useful for the
treatment of atherosclerosis. From an academic
point of view, the development of isoform-specific
ligands would also facilitate the screening of new
isoform-specific target genes.

3) Crystallographic analyses showed that T0901317 and
GW3965 were both able to stabilize LXRb helix
12 and to maintain the receptor in a favorable confor-
mation [109]. In both cases, the position of helix
12 is similar. However the remaining ligand-binding
domain presents a different conformation demonstrat-
ing its plasticity. Hence, the activity of a ligand could
be modulated by specific cofactors that would alter its
effects. Such a phenomenon has already been described
for the SERMs raloxifen and tamoxifen. It thus seems
important to understand how the cellular context could
modulate LXR activation by a given molecule. This

would allow the development of selective LXR modula-
tors (SLiMs) to bypass any potential side effects. As in
the case of SERMs, SLiMs would have the possibility
of activating LXR in specific tissues, for example in
the intestine, but not in others. So far, the available
SLiMs seem to be YT-32 [29] and GW6340 [30].

Some of the putative LXR target diseases can be considered
long-term chronic pathologies (neuron degeneration, type 2
diabetes or cancers). Their incidence could be lowered by
the development of prophylactic treatments such as preventive
nutrition. Natural LXR agonist compounds have been
described in fungi, plants and sea organisms (see section
1.3). Screening of new molecules considered as nutraceuticals
could be of interest in order to subtly alter LXR activity and
thus take full advantage of the therapeutic and protective
effects of LXR agonists.
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