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Abstract:

Liver X receptor (LXR) � and � are ligand-activated transcription factors that regulate the expression of genes involved in the re-

moval of cholesterol from cells by high-density lipoproteins, the transport of cholesterol to the liver and the biliary excretion of

cholesterol. LXRs are activated by oxygenated cholesterol derivatives such as 24(S),25-epoxycholesterol or 24(S)-, 25- and 27-hydroxy-

cholesterol. In this review, we will discuss the role of LXR in the reproductive system and perspectives on the application of LXR

agonists in the treatment of reproductive pathologies. Interestingly, progressive age-related impairment of fertility is observed in

both female and male LXR knockout mice. Reduced fertility in female LXR knockout mice is associated with resistance to follicular

fluid meiosis-activating sterol (FF-MAS), the intermediate of cholesterol synthesis generated in the ovaries that is responsible for

stimulating oocyte meiosis partially in a LXR-dependent manner. Female mice lacking both LXR isoforms exhibit symptoms of

ovarian hyperstimulation syndrome when treated with pharmacological doses of gonadotropins. LXR agonists have mainly been

considered as potential anti-atherosclerotic medications. However, experimental studies suggest that natural or synthetic LXR ago-

nists may also effectively treat some reproductive pathologies, such as infertility, impaired uterine contractility, hormone-dependent

cancers and insulin resistance in patients with polycystic ovarian syndrome. However, the specific adverse effects of LXR agonists

on the reproductive system must also be considered. Adverse effects of LXR agonists include impaired trophoblast invasion, exces-

sive transplacental cholesterol transport from the mother to the fetus leading to fetal hypercholesterolemia, and augmented estrogen

deficiency after menopause.
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Abbreviations: 3�-HSD – 3�-hydroxysteroid dehydrogenase,

FF-MAS – follicular fluid meiosis-activating sterol, FSH –

follicle-stimulating hormone, hCG – human chorionic gonado-

tropin, HDL – high-density lipoproteins, LDL – low-density

lipoproteins, LH – luteinizing hormone, LXR – liver X recep-

tor, LXRE – liver X receptor response element, OHSS – ovar-

ian hyperstimulation syndrome, RXR – retinoid X receptor,

SRE – sterol response element, SREBP – sterol regulatory

element-binding protein, Star – steroidogenic acute regulatory

protein, TGF – transforming growth factor, T-MAS – testis

meiosis-activating sterol

Introduction

Liver X receptors (LXRs) are ligand-activated tran-

scription factors that form heterodimers with the reti-

noic X receptor (RXR), which upon ligand binding

regulate the expression of target genes. LXRs were

originally described as “orphan” receptors. Eventu-

ally, endogenous oxygenated cholesterol derivatives

�����������	��� 
������ ����� ��� ����� 15

�����������	��� 
�����

����� ��� �����

�		
 ��������

��������� � ����

�� ��������� �� ���� �!�"���

��"��� #!�$� � �� 	!���!��



(oxysterols) were identified as their endogenous ago-

nists [26, 27, 68]. LXRs are now considered as “sterol

sensors” responsible for protecting cells from choles-

terol overload by stimulating the expression of en-

zymes and transporters involved in reverse choles-

terol transport, the conversion of cholesterol to bile

acids and the biliary excretion of cholesterol. LXRs

exist in two isoforms: LXR� and LXR�. LXR� is

highly expressed in the liver, the kidney, the small in-

testine, as well as adipose tissue and by macrophages.

LXR� is expressed at a low level in most other tis-

sues. In comparison, LXR� is ubiquitously expressed.

LXR� plays an essential role in the systemic choles-

terol balance, as evidenced by a marked cholesterol

accumulation in LXR�–/– mice [47]. In contrast, LXR�

seems to be less important for cholesterol metabolism

at the whole-body level. However, LXR� may regu-

late the cholesterol balance in many specific cell

types, as suggested by the phenotype of LXR�–/–

mice. LXR�–/– mice have abnormalities of the gastro-

intestinal, nervous, endocrine and immune systems

[18].

Here, we review a recently recognized role of

LXRs in the reproductive system and discuss the po-

tential application of LXR agonists in the treatment of

reproductive pathologies.

Structure, function and ligands of LXR

LXR molecule consists of four domains: (1) an amino-

terminal ligand-independent activation function do-

main (AF-1), which may stimulate transcription in the

absence of ligand, (2) a DNA-binding domain contain-

ing two zinc fingers, (3) a hydrophobic ligand-binding

domain required for ligand binding and receptor dimeri-

zation, and (4) a carboxy-terminal ligand-dependent

transactivation sequence (also referred to as activation

function-2 (AF-2) domain) that stimulates transcrip-

tion in response to ligand binding.

Both LXR� and LXR� function as heterodimers

with RXR. RXR is a common partner for several nu-

clear receptors, including the peroxisome proliferator-

activated receptor, farnesoid X receptor, vitamin D re-

ceptor and thyroid hormone receptor. LXR/RXR is

a “permissive heterodimer” that may be activated by

either LXR agonist or 9-cis retinoic acid, a specific

RXR ligand. Simultaneous application of the agonists

of both LXR and RXR elicits a response that is

stronger than either agonist alone. The LXR/RXR

complex binds to a LXR response element (LXRE) in

the promoter region of target genes. The ideal LXRE

sequence is a direct repeat-4 DNA fragment consist-

ing of two AGGTCA hexameric half-sites separated

by four nucleotides. However, the LXRE in specific

target genes may differ from this ideal sequence. Al-

though LXR� and LXR� have similar affinities for

the ideal LXRE, they may have different affinities for

specific non-ideal LXRE sequences in certain genes,

a phenomenon that may be responsible for the non-

redundant roles of each isoform [15]. In the absence

of ligand, the LXR/RXR heterodimer may maintain

some baseline level of gene expression. However,

LXR unbound to ligand more frequently actively sup-

presses transcription by recruiting nuclear co-

repressors. Ligand binding induces dissociation of the

co-repressors and recruitment of co-activators, lead-

ing to a maximal stimulation of transcription. The ex-

pression of genes actively suppressed by unbound

LXR is paradoxically increased in the LXR knockout

mice; however, the expression of these genes cannot

be further augmented by LXR agonists.

Now, it is clear that oxysterols are the endogenous

LXR ligands. Endogenous LXR-activating oxysterols

may be classified into three groups: (1) hydroxylated

cholesterol derivatives synthesized from preformed

cholesterol by cholesterol hydroxylases, (2) interme-

diates in the pathway of steroid hormone synthesis

from cholesterol, and (3) intermediates of cholesterol

synthesis (Fig. 1). The first group includes at least three

members: 24(S)-, 25- and 27-hydroxycholesterol. 24(S)-

hydroxycholesterol (also known as cerebrosterol) is

the most abundant hydroxysterol in the brain where it

is synthesized by cholesterol 24-hydroxylase (a cyto-

chrome P450 CYP46 isoform) [3]. 27-Hydroxycho-

lesterol is generated from cholesterol by the widely

expressed cholesterol 27-hydroxylase (CYP27A1).

27-Hydroxylase also catalyzes the further oxidation

of the hydroxyl group at the 27 position leading to the

generation of the respective aldehyde and carboxylic

acid (cholestenoic acid), which is also a potent LXR

agonist [48]. 25-Hydroxycholesterol, a relatively weak

LXR agonist, is also ubiquitously generated by the

mitochondrial cholesterol 25-hydroxylase, which does

not belong to the cytochrome P450 family. Deletion

of the genes encoding all three of the cholesterol

hydroxylases or overexpression of sulfotransferase

type 2B1 (which inactivates these oxysterols by con-
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verting them to the respective 3-sulfonates) markedly

decreases the expression of LXR target genes [9].

Several intermediates of the cholesterol biosynthe-

sis pathway have been identified as LXR agonists.

24(S),25-epoxycholesterol is produced in the “shunt

pathway” of the mevalonate cascade (Fig. 1) and is

detected in high amounts in the liver and, to a lesser

extent, in many other tissues [69]. In addition, des-

mosterol and zymosterol also activate LXR [71].

Of particular importance in the gonads may be two

more proximal cholesterol precursors, follicular fluid

meiosis-activating sterol (FF-MAS) and testis meio-

sis-activating sterol (T-MAS). FF-MAS (4,4-dimethyl-

5�-cholesta-8,14,24-trien-3�-ol) was originally iso-

lated from preovulatory follicular fluid and stimulates

meiosis of mammalian oocytes [5]. FF-MAS is pro-

duced from lanosterol by lanosterol 14�-demethylase

(CYP51). In most cells, FF-MAS is rapidly converted

to 4,4-dimethyl-5�-cholesta-8,24-dien-3�-ol (T-MAS)

by sterol 14�-reductase. T-MAS was isolated from

bull testis and is also a potent stimulator of meiosis.

Interestingly, the expression of CYP51 is suppressed

by activated LXR [65], providing a mechanism of

negative feedback regulation of FF-MAS production.

FF-MAS is synthesized in large amounts by granular

cells of the maturing ovarian follicle and triggers the
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resumption of the first meiotic division of the oocyte,

which was initiated during embryonic development

and arrested for decades. Synthesis of FF-MAS is

stimulated by the progressive rise of follicle stimulat-

ing hormone (FSH) during the follicular phase and by

the preovulatory surge in the luteinizing hormone (LH)

level [6]. Thus, FF-MAS is suggested to be a signal-

ing intermediate between gonadotropins and the oo-

cyte. Although, it is still unclear whether FF-MAS is

absolutely necessary for oocyte maturation [20]. Apart

from stimulating meiosis, FF-MAS also increases the

further developmental potential of the oocyte. Indeed,

FF-MAS increases the survival rate of oocytes by

suppressing their degeneration, improves the rate of

successful fertilization, lowers the amount of fertiliza-

tion errors (such as polyspermia), and increases the

percent of oocytes that develop to blastocysts [8, 21,

38]. Of note, FF-MAS and T-MAS are generated in all

cholesterol-synthesizing cells. However, in most tis-

sues, including hepatocytes where the cholesterol syn-

thesis pathway is highly active, the level of these ster-

ols is very low because T-MAS is immediately con-

verted to zymosterol. Due to low expression of the

respective downstream enzymes, FF-MAS and T-MAS

accumulate at high concentrations only in the ovaries

and testes, respectively.

FF-MAS is being tested as a potential stimulator of

oocyte meiosis in the “In Vitro Maturation” method of

in vitro fertilization. In this method, immature oocytes

are extracted at the beginning of the menstrual cycle

to avoid complications associated with high-dose

gonadotropin stimulation in vivo and are then stimu-

lated to maturate in vitro [35, 60]. Of note, meiosis-

activating sterols probably have additional, LXR-

independent, mechanisms of action. For example,

data suggest that meiosis-activating sterols may bind

to specific G protein-coupled receptors [21]. Never-

theless, abnormalities in the gonadal function in mice

lacking LXR suggest that the FF-MAS/T-MAS-LXR

signaling pathway may be physiologically important.

The conversion of cholesterol to pregnenolone is

the first and rate-limiting step in steroidogenesis in

the gonads and the adrenals. The conversion of cho-

lesterol to pregnenolone is catalyzed by CYP11A1,

also referred to as “cytochrome P450 side chain cleav-

age enzyme” or “cholesterol desmolase.” CYP11A1 is

contained in the inner mitochondrial membrane of

steroidogenic tissues [49]. CYP11A1 catalyzes three

consecutive reactions during the conversion of choles-

terol to pregnenolone, with 22(R)-hydroxycholesterol

and 20,22-dihydroxycholesterol as intermediates (Fig. 1).

Both of these intermediates are potent LXR activa-

tors, while pregnenolone has no affinity for LXR [30].

The role of these intermediates in gonadal LXR sig-

naling remains to be established.

Several synthetic non-steroidal LXR agonists have

been synthesized; among them, T0901317 and GW3965

are the most commonly used in experimental studies.

Physiological role of LXR

LXRs trigger a complex array of responses associated

with cholesterol homeostasis. LXRs stimulate the ex-

pression of the ATP-binding cassette transporter A1

(ABCA1) and ATP-binding cassette transporter G1

(ABCG1). ABCA1 and ABCG1 are transporters in-

volved in cholesterol efflux from plasma membranes

to high-density lipoproteins (HDL) and to lipid-poor

apolipoprotein A-I [2]. The transport of cholesterol

from the plasma membrane to HDL is the first and

rate-limiting step in reverse cholesterol transport from

peripheral tissues to the liver. Moreover, LXRs stimu-

late the intracellular redistribution of cholesterol from

late endosomes and lysosomes to the plasma mem-

brane. At the plasma membrane, cholesterol becomes

available for efflux. The change in subcellular distri-

bution of cholesterol is achieved by the increased ex-

pression of Niemann-Pick C1 and C2 proteins [53].

LXR agonists stimulate the synthesis of alternative

extracellular cholesterol acceptors, including apolipo-

protein E, C-I, C-II and C-IV [30, 36]. In rodents (but

not in humans), LXR increases the expression of cho-

lesterol 7�-hydroxylase, the rate-limiting enzyme in

the classic pathway of bile acid synthesis in the liver

[32, 40], and stimulates cholesterol and bile acid ef-

flux to the bile canaliculi [72]. In the small intestine,

LXR agonists reduce the net cholesterol absorption by

down-regulating the cholesterol-absorbing protein,

Niemann-Pick C1-like 1 (NPC1L1), and up-regulating

ABCG5 and ABCG8, which extrude cholesterol from

enterocytes to the lumen of the gut [14, 51]. Recently,

it has been demonstrated that LXR agonists suppress

cholesterol synthesis by down-regulating squalene

synthase and lanosterol demethylase [65].

Apart from controlling the cholesterol balance,

LXR agonists regulate other metabolic pathways.

LXR agonists stimulate fatty acid synthesis (lipogene-

sis) by up-regulating several enzymes of the pathway,
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including acetyl-coenzyme A (CoA) carboxylase,

fatty acid synthase and stearoyl-CoA desaturase-1.

LXR agonists increase the expression of these en-

zymes both directly and by stimulating the sterol

regulatory element-binding protein-1c (SREBP-1c),

which binds to the sterol response element (SRE)

within the promoter regions of genes encoding these

lipogenic enzymes [52, 57]. This effect results in liver

steatosis and hypertriglyceridemia after prolonged ad-

ministration of synthetic LXR ligands. LXR agonists

increase insulin sensitivity and stimulate insulin se-

cretion leading to an improvement in the carbohydrate

metabolism of various animal models of diabetes mel-

litus and insulin resistance [1]. Finally, LXR sup-

presses the expression of multiple genes involved in

inflammatory reactions, such as several cytokines, in-

ducible nitric oxide (NO) synthase, cyclooxygenase-2

and matrix metalloproteases [23]. The effects of syn-

thetic LXR agonists on inflammation and cholesterol

balance are responsible for the inhibition of athero-

genesis observed in the animal models [4, 23, 29].
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LXR and ovarian function

Both LXR� and LXR� are expressed in the ovaries.

Expression of LXR� and LXR� is higher in oocytes

than in the surrounding cumulus cells. The level of

LXR� mRNA in oocytes is comparable to that in the

liver and the brain, whereas the level of LXR� mRNA

in oocytes is approximately two orders of magnitude

higher than the mRNA level in the liver and the brain

[61]. In addition, LXR� is expressed at a higher level

than LXR� in human granulosa cells isolated from

the follicular fluid of women undergoing in vitro fer-

tilization. Furthermore, the expression of LXR� fur-

ther increases during hCG-stimulated luteinization of

these cells [13]. Female LXR�–/–, LXR�–/– or LXR�–/–

LXR�–/– mice are less fertile than their wild-type lit-

ter mates, as evidenced by fewer offspring when

crossed with wild-type males [61]. Among the single

knockouts, LXR�–/– mice exhibit a more severe phe-

notype than LXR�–/– animals. The number of folli-

cles in the ovaries of mice lacking LXR is normal. In

addition, the ovaries of the various LXR knockout

genotypes do not differ histologically from wild-type

controls. GW3965 has no effect on the resumption of

meiosis of cumulus-enclosed oocytes in vitro. In con-

trast, GW3965 markedly and dose-dependently stimu-

lates meiosis of naked oocytes isolated from wild-

type, but not LXR-deficient mice [61]. Interestingly,

the stimulatory effect of FSH on germinal vesicle

breakdown, a marker of meiosis resumption, is absent

in the cumulus-enclosed oocytes from LXR double

knockout mice. In addition, the stimulatory effect of

zymosterol (which has FF-MAS-like activity) on

meiosis of naked oocytes is attenuated, but not com-

pletely abolished, in LXR�–/–LXR�–/– mice. These

data indicate that meiosis-activating sterols might

have both LXR-dependent and LXR-independent

mechanisms of action. Cumulus-enclosed oocytes

from wild-type mice exhibit a time-dependent in-

crease in the expression of LXR�, but not LXR�,

after stimulation with FSH. No abnormalities in estra-

diol or progesterone levels were observed in the mice

lacking LXR. These results suggest that LXR may be

involved in oocyte maturation in response to gonado-

tropins and are consistent with the concept that

FF-MAS, or other related LXR-activating sterol, me-

diates the effect of FSH on meiosis resumption. How-

ever, LXR-related effects outside the reproductive

system may also affect the rate at which LXR-

deficient mice conceive. Of note, LXR expression is

not mandatory for fertility since mice lacking LXR

may reproduce, although with a reduced efficacy. In

addition, the observation that fertility is impaired in

both LXR�–/– and LXR�–/– mice suggests that both

LXR isoforms play distinct roles in the female repro-

ductive tract and one isoform cannot compensate for

a deficiency in the other.

Cummins et al. [11] first reported that LXR plays

an important role in the regulation of adrenal steroido-

genesis. Adrenomegaly was observed in the LXR�–/–

and the LXR�–/–/LXR�–/– mice due to the overaccu-

mulation of cholesterol esters in the adrenal cortex. In

addition, the plasma corticosterone concentration was

two times higher in the animals lacking LXR�. Adre-

nocortical cells isolated from LXR�–/– mice secreted

more corticosterone in vitro [11]. In comparison to

wild-type controls, the adrenal cortex of LXR-null

animals expressed less ABCA1 and ABCG1, but pos-

sessed increased amounts of the three proteins essential

for steroidogenesis: (1) CYP11A1, (2) 3�-hydroxy-

steroid dehydrogenase-1 (3�-HSD1; which converts

pregnenolone to progesterone), and (3) steroidogenic

acute regulatory protein (StAR; which is responsible

for cholesterol transport from the outer to the inner

mitochondrial membrane where CYP11A1 is local-
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ized). These data suggest that cholesterol efflux from

adrenocortical cells is impaired in LXR-null mice and

this cholesterol is shifted towards the steroidogenic

pathway resulting in the overproduction of corticos-

terone, the major glucocorticoid in rodents. In wild-

type mice, T0901317 increased the expression of

ABCA1, ABCG1, StAR, CYP11A1 and 3�-HSD-1 in

the adrenals. These data suggest that steroidogenic

proteins (StAR, CYP11A1 and 3�-HSD-1) are re-

pressed under baseline conditions by LXR in the ab-

sence of ligand and are up-regulated in both the LXR

knockout mice and upon stimulation with LXR ago-

nists. Consequently, T0901317 increases the plasma

corticosterone level in wild-type mice. Taken to-

gether, these data suggest that intact LXR signaling

protects the adrenals from cholesterol overload by

stimulating both cholesterol efflux and steroidogene-

sis [11]. In contrast to the above mentioned study,

Nilsson et al. [43] demonstrated that GW3965 re-

duces StAR and CYP11A1 expression in human adre-

nocortical and ovarian cells and decreases the produc-

tion of pregnenolone, dehydroepiandrosterone and an-

drostenedione. These data suggest a suppressive effect

of LXR on steroidogenesis.

Whereas data on the role of LXR in adrenal steroi-

dogenesis are contradictory, even less is known about

the role of LXR in ovarian steroidogenesis. T0901317

and GW3965 have been shown to inhibit progester-

one production by luteal cells in a time- and dose-

dependent manner. Although LXR agonists moder-

ately reduce the expression of StAR and CYP11A1,

the effect of the LXR agonists is mainly the result of

the stimulation of cholesterol efflux [13]. Indeed, an

insufficient cholesterol supply is a major factor limit-

ing progesterone production by the corpus luteum in

humans. Only a small fraction of cholesterol for pro-

gesterone production in the corpus luteum is provided

by de novo synthesis in luteal cells. The majority of

cholesterol is derived from plasma low-density lipo-

proteins (LDL), which are endocytosed by the luteal

cell LDL receptor, and from cholesterol esters taken

up from HDL after binding to the scavenger receptor

type B1 (SR-B1) [12]. LXR agonists have no effect

on the LDL receptor or on SR-B1 in luteal cells. How-

ever, LXR agonists markedly increase the expression

of proteins that mediate cholesterol efflux, such as

ABCA1, ABCG1 and apolipoprotein E. Furthermore,

the expression of 3�-HSD-1, which converts pregne-

nolone to progesterone, is not modulated by LXR [13].

The treatment of mice lacking LXR� and LXR�

with gonadotropins to induce ovulation resulted in

signs of ovarian hyperstimulation syndrome (OHSS),

including ovarian enlargement, a greater amount of

maturing follicles, a hemorrhagic corpora lutea, in-

creased ovarian vascular permeability and elevated

serum estradiol [42].The expression of CYP11A1 was

higher in the ovaries of gonadotropin-treated LXR

knockout mice, whereas StAR and 3�-HSD-1 levels

were unchanged. Interestingly, the expression of

genes encoding LH and FSH receptors was reduced in

the LXR knockout mice, likely due to the excess es-

tradiol present. These features resemble OHSS ob-

served in women stimulated with gonadotropins to in-

duce ovulation for the treatment of infertility. Addi-

tionally, the expression of interleukin-6 was higher in

the LXR knockout mice, which is also observed in

women with OHSS [41].

Surprisingly, similar to the LXR knockout, treat-

ment with T0901317 increased the amount of estra-

diol in the serum, increased the expression of StAR

and CYP11A1, and reduced the expression of the

FSH receptor in the gonadotropin-stimulated wild-

type mice. These data suggest that the physiological

level of LXR signaling may protect against ovarian

hyperstimulation by actively repressing key enzymes

of steroidogenesis. Both the lack of LXR and the

supraphysiological stimulation by exogenous agonists

may abnormally augment exo- and endocrine function

of the ovaries in animals receiving gonadotropins.

Whether abnormal LXR signaling contributes to

OHSS in humans remains to be established.

LXR in trophoblast and the placenta

Oxysterols are detected at relatively high levels in the

placenta [56]. In addition, LXR� and LXR� are ex-

pressed in human and mouse trophoblasts and the pla-

centa from early gestation [37]. In the mouse, LXR�

is expressed at a similar level in the yolk sac, the cho-

rioallantoic placenta and the decidua. In contrast,

LXR� is highly expressed only in the yolk sac. Both

LXR isoforms have also been detected in several hu-

man trophoblast cell lines [37].

Conceptus implantation involves invasion of the

uterine epithelium and the underlying stroma by ex-

traembryonic trophoblast cells that undergo a com-
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plex process of proliferation, migration and differen-

tiation. A specific feature of human placentation is the

high degree of trophoblast invasion, greater than in

other mammals. T0901317 has been shown to inhibit

the invasiveness of cultured cytotrophoblast cells in

vitro [46]. In addition, LXR mediates the inhibitory

effect of oxidized LDL on trophoblast invasiveness. If

this effect is reproduced in vivo, LXR agonists might

interfere with the implantation process. Moreover, in-

efficient trophoblast invasion may lead to subsequent

impairment of placental perfusion, which is a main

pathogenetic factor in preeclampsia. Furthermore,

LXR agonists reduce the synthesis and secretion of

hCG from trophoblast cells, which is mandatory for

maintaining pregnancy in the first trimester [67]. Re-

cently, T0901317 has been shown to increase the ex-

pression of endoglin, part of the transforming growth

factor-� receptor complex. Endoglin is highly ex-

pressed in syncytiotrophoblast and inhibits tropho-

blast invasion [22]. The human endoglin gene pro-

moter contains six putative LXRE sequences and at

least one of them binds the LXR/RXR heterodimer to

stimulate transcription in response to 22(R)-hydroxy-

cholesterol, T0901317 or synthetic RXR agonists [22].

Interestingly, circulating endoglin level is increased in

preeclampsia and may contribute to endothelial dys-

function associated with this disorder [34]. Apart from

stimulating endoglin, LXR agonists may reduce tro-

phoblast invasiveness by down-regulating matrix

metalloprotease-9, as has been demonstrated in

macrophages [7].

A potential function of LXR in the placenta may be

the regulation of cholesterol transport from the mater-

nal to the fetal circulation. Indeed, cholesterol may be

transported from the mother to the fetus to supple-

ment the fetal cholesterol pool. The transport of cho-

lesterol from the mother to the fetus is especially im-

portant for fetuses with impaired cholesterol synthe-

sis, such as those with Smith-Lemli-Opitz (SLO)

syndrome resulting from a deficiency in �7-dehydro-

cholesterol reductase [70]. The LXR agonists, 24(S)-

hydroxycholesterol and T0901317, stimulate ABCA1-

and ABCG1-mediated cholesterol efflux to apolipo-

protein A-1 and HDL from placental endothelial cells,

while having no affect on umbilical vein endothelial

cells [62]. ABCA1 and ABCG1 are predominantly

expressed at the apical surface (facing toward the fetal

capillary lumen) of fetal endothelial cells. Thus, LXR

is suggested to stimulate cholesterol transport to the

fetus to supplement the fetal cholesterol pool [50]. In-

terestingly, the level of 27-hydroxy-7-dehydrocholesterol

(the product of CYP27A1-catalyzed hydroxylation of

the cholesterol precursor, 7-dehydrocholesterol, which

accumulates in SLO syndrome) is high in patients and

this oxysterol is active as an LXR agonist [66]. Thus,

oxysterols may facilitate transplacental cholesterol

transport to the affected fetus to compensate for cho-

lesterol deficiency.

LXR and uterine contractility

LXR�–/– and LXR�–/–/LXR�–/– mice, but not LXR�–/–

mice, accumulate cholesterol esters in uterine myo-

metrial cells and exhibit reduced uterine contractility

in response to oxytocin or a prostaglandin F2�

(PGF2�) analogue, luprostiol [41]. T0901317 stimu-

lates ABCA1 and ABCG1 expression in the myome-

trium and increases cholesterol efflux from the

myometrial cells. Over-accumulation of cholesterol

esters in the myometrium of mice lacking LXR� re-

sults in impaired uterine contractility by disrupting

the signaling from oxytocin and the PGF2� receptors,

while the number of receptors is not altered [41]. Ac-

cumulation of cholesterol esters is not observed in

other myocytes (of the duodenum, the heart or skele-

tal muscles) of mice lacking LXR�. Thus, the defect

in cholesterol efflux is specific for the uterus.

LXR and the male reproductive system

Frenoux et al. [16] first noticed that male LXR�–/–

mice older than five or six months of age became less

fertile than their wild-type controls. Significant struc-

tural abnormalities of the epidydimis were observed

in the LXR�–/– mice, including disruption of the epi-

thelium, widening of the epidydimal canaliculi that

become filled with an amorphous lipid-rich substance,

and lipid loading of epithelial and interstitial cells. In

addition, fewer spermatozoa were found in the epidy-

dimis of the LXR�–/– mice and these spermatozoa ex-

hibited structural and functional abnormalities. Dur-

ing transit through the normal epidydimis, spermato-

zoa loose most of the cholesterol from their plasma

membranes, rendering them capable of fusing with
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the oocyte. These data suggest that LXR-stimulated

cholesterol efflux from the spermatozoa and/or the

epidydimal epithelium is crucial for male fertility [55]

and are consistent with the reduced fertility of the

male ABCA1-null mice [58].

Large amounts of cholesterol esters also accumu-

lated in the Sertoli cells of LXR�–/– mice older than

five months of age. The accumulation of cholesterol

esters in the Sertoli cells is accompanied by the de-

generation of the seminiferous epithelium of the testes.

Similar abnormalities are observed in both ABCA1-null

and RXR�-null mice, as well as in some azoospermic

males [39]. LXR�–/– mice exhibit small lipid droplets

in Sertoli cells, but spermatogenesis and fertility are

not impaired. However, the reproductive phenotype is

more severe in the LXR�/LXR� double knockout

mice than in the LXR� single knockout mice [54]. These

data suggest that the abnormal cholesterol balance of Ser-

toli cells and the epidydimal epithelium mediate, at least

partially, the trend toward a decline in the number of sper-

matozoa produced by men while simultaneously increas-

ing the prevalence of hyperlipidemia [44].

Interestingly, Frenoux et al. [16] noted that the se-

rum level of androgens was reduced in the LXR�–/–/

LXR�–/– mice. However, the supplementation of an-

drogens failed to improve the epidydimal histology

and the sperm quality. These data indicate that hypo-

androgenism is not the sole factor responsible for

the compromised fertility. Although androgen-pro-

ducing Leydig cells are histologically normal in the

LXR�–/–/LXR�–/– animals, testosterone production is

reduced. Older double knockout males exhibit hyper-

gonadotropic hypogonadism, as evidenced by a re-

duced amount of testosterone in the serum and in-

creased FSH and LH concentrations. The mechanism

through which the lack of LXR impairs Leydig cell

function is unclear. LXR may regulate Leydig cell

cholesterol balance and steroidogenesis directly. Oth-

erwise, the increased corticosterone concentration ob-

served in mice lacking LXR might disrupt the testos-

terone production [54].

Recently, Volle et al. [64] confirmed that hypoan-

drogenism exists in the LXR�–/–/LXR�–/– and the

LXR�–/– mice, but not in the LXR�–/– mice. These

data are consistent with the expression of LXR�, but

not LXR�, in Leydig cells. However, in their study

[64], the hypoandrogenism was hypogonadotropic in

nature since the plasma level of LH, as well as the ex-

pression of its � subunit in the pituitary, were low. In

addition, hCG normally stimulates testosterone pro-

duction by Leydig cells in mice lacking LXR, sug-

gesting that the sensitivity of these cells to gonado-

tropin stimulation and their ability to synthesize tes-

tosterone are intact. Administration of T0901317

increased the testosterone content in the testes of the

wild-type mice, which was accompanied by an in-

creased expression of StAR and 3�-HSD-1.

Apart from cholesterol efflux from Sertoli cells

and/or maturing spermatozoa and androgen produc-

tion in Leydig cells, LXR may regulate the balance

between proliferation and apoptosis of male germ

cells. In particular, proliferation of germ cells is re-

duced in LXR�–/– mice with a secondary reduction of

apoptosis. In contrast, apoptosis is accelerated in

LXR�–/– animals, but is balanced by augmented pro-

liferation [64]. Due to these adaptive changes, the ra-

tio between proliferation and apoptosis is relatively

intact in both of the single knockouts. In contrast, pro-

liferation is compromised and apoptosis is augmented

due to the lack of LXR� and LXR�, respectively, in

the LXR�/LXR� double knockout mice and these

changes cannot be compensated, thus leading to a se-

vere impairment of spermatogenesis. This may ex-

plain why the reproductive phenotype is much more

severe in the double knockout males than in the single

knockout males [64].

Of note, the lack of LXR impairs the fertility of ag-

ing, but not of young, mice of both sexes. This pheno-

type closely resembles the frequently observed pre-

mature loss of fertility in humans and raises the im-

portant question of whether abnormal LXR signaling

contributes to human infertility.

LXR and hormone-dependent cancer

17�-Estradiol has been well-established as a risk fac-

tor of breast and endometrial cancer. Anti-estrogen

therapies are effective in the treatment of breast can-

cer. Gong et al. [19] demonstrated that transgenic

overexpression of constitutively active LXR� in-

creases the expression of estrogen sulfotransferase

(EST, SULT1E1), which inactivates estradiol in the

liver by converting it to estradiol sulfate. A similar ef-

fect was observed in wild-type mice treated with

either T0901317 or 22(R)-hydroxycholesterol. The

expression of EST in the liver of the LXR�/LXR�

double knockout mice was lower than the expression
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level in wild-type controls. EST expression did not

change in response to exogenous agonists. In addi-

tion, LXR agonists or overexpression of LXR� re-

duced sulfosterol sulfatase, which reactivates estra-

diol sulfate by hydrolyzing it to active estradiol. Con-

sequently, the stimulatory effect of exogenous estradiol

on endometrial cell proliferation was attenuated in

both LXR� transgenic mice and in T0901317-treated

wild-type mice. These effects were abolished in EST

knockout mice, indicating that LXR� attenuates the

uterine response to estrogens by up-regulating EST.

The LXR/RXR heterodimer was shown to bind to and

increase the transcriptional activity of the EST gene

promoter [19]. In contrast to EST, T0901317 has no

effect on other liver enzymes involved in estrogen

metabolism, such as cytochrome P4503A, 1A2 iso-

forms and UDP-glucuronyltransferase 1A1. In a xeno-

graft model of ovariectomized nude mice inoculated

with the estrogen-sensitive MCF-7 breast cancer cell

line, T0901317 significantly attenuated estradiol-

induced tumor growth leading to tumor growth kinet-

ics similar to that of mice not treated with estradiol.

Indeed, the effect of LXR agonists is accompanied by

a reduction in the circulating level of estradiol. These

data suggest that LXR agonists might be useful in the

treatment of estrogen-dependent cancers.

Prostate cancer is the second leading cause of can-

cer death in men. Androgens play an important role in

the development of prostate cancer. Androgen ablation

is one of the most effective therapies for hormone-

dependent prostate cancer. T0901317, 22(R)-hydroxy-

cholesterol and 24(S)-hydroxycholesterol inhibit the

growth of cultured prostate cancer cells. The inhibi-

tion of prostate cancer cell growth is associated with

the induction of G1 cell cycle arrest by suppressing the

S phase kinase associated protein-2 (Skp2). Skp2 me-

diates ubiquitination and degradation of the cell cycle

inhibitor p27Kip1 [17]. Thus, T0901317 causes the ac-

cumulation of p27Kip1 in prostate cancer cells. T0901317

suppressed growth of androgen-dependent LNCaP

prostate tumors in athymic mouse and reduced the tu-

mor volume by approximately 2-fold compared to the

vehicle-treated group [17]. Interestingly, androgen-

insensitive cells (characteristic of more advanced

stages of prostate cancer) were more sensitive to

T0901317 than more differentiated androgen-sensi-

tive cells [17]. The expression of LXR�, LXR� and

CYP27 in prostate cancer decreases during tumor pro-

gression from the androgen-sensitive to the andro-

gen-insensitive phase. The androgen-sensitivity pro-

gression is accompanied by a reduction in the expres-

sion of ABCA1 and an increase in cholesterol content

[10]. These data indicate that impaired LXR signaling

contributes to the progression of prostate cancer. In

agreement, T0901317 retards the progression of

androgen-dependent prostate tumors in castrated mice

inoculated with prostate cancer cells toward the

androgen-independent phase [10].

Recently, Lee et al. [31] demonstrated that either

transgenic expression of constitutively active LXR�

or treatment of wild-type mice with T0901317 in-

crease the expression of hydroxysteroid sulfotransfe-

rase (SULT2A1). SULT2A1 is involved in androgen

sulfonation and inactivation in the liver. In castrated

mice supplemented with exogenous testosterone, ex-

pression of constitutively active LXR� or treatment

with T0901317 reduced the serum testosterone level

and impaired testosterone-induced prostate regenera-

tion. In vitro treatment with 22(R)-hydroxychole-

sterol, T0901317 or GW3965 inhibited testosterone-

induced proliferation of cultured LNCaP prostate can-

cer cells expressing the androgen receptor, but had no

effect on the proliferation of LNCaP cells in the ab-

sence of androgens [31]. The effect was accompanied

by the induction of SULT2A1 in these cells. These

data indicate that LXR agonists suppress androgen-

dependent prostate cancer growth by augmenting tes-

tosterone metabolism [31].

Targeting LXR as a novel therapeutic

opportunity for reproductive system

disorders

Data presented above, although in some aspects con-

troversial, clearly indicate that LXR plays a complex

role in the mammalian reproductive system. By regu-

lating cholesterol balance in specific cells, these re-

ceptors affect gametogenesis and steroidogenesis in

the gonads, hepatic metabolism of sex steroids, and

uterine contractility. The reproductive phenotype of

the LXR knockout mice closely resembles human pa-

thologies, such as infertility and OHSS. Considering

the possible clinical implications of the findings pre-

sented above, two questions emerge: (1) does im-

paired LXR signaling contribute to the pathogenesis

of human reproductive system disorders? and (2) are
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LXR agonists of potential therapeutic value for these

conditions?

With regard to whether LXR signaling contributes

to human reproductive system disorders, abnormal

LXR signaling may be accounted for by: (1) reduced

expression of LXR in target tissues, (2) genetic poly-

morphism of LXR, (3) deficiency of LXR-activating

oxysterols or an excess of non-enzymatically gener-

ated oxysterols, which include some potent LXR an-

tagonists, and (4) posttranslational modifications of

LXR, such as phosphorylation by various serine-

threonine protein kinases, that reduces its transcrip-

tional activity. Examples of all these mechanisms

have been described in either animal models or in hu-

mans. Until now these mechanisms of abnormal LXR

signaling have not been reported in pathologies of the

reproductive system [25, 33, 45, 63].

The potential therapeutic application of LXR ago-

nists may include: (1) treatment of infertility, (2) in-

duction of oocyte maturation both as a part of the

ovulation-stimulating protocol in vivo as well as for in

vitro fertilization, (3) increasing uterine contractility,

(especially in conditions expected to increase choles-

terol content in uterine myocytes, such as obesity, hy-

percholesterolemia or gestational diabetes mellitus),

(4) stimulation of transplacental cholesterol transport

for the prenatal treatment of inborn errors of choles-

terol synthesis, (5) prevention and/or treatment of

hormone-dependent cancers, and (6) improvement of

insulin sensitivity in polycystic ovarian syndrome or

gestational diabetes mellitus.

LXR agonists have been considered as potential

anti-atherosclerotic medications for about a decade

and, until now, no attempts have been made to use

them in reproductive diseases. The most important

adverse effect of LXR agonists is the stimulation of li-

pogenesis ultimately leading to hypertriglyceridemia

and liver steatosis. Attempts are being made to obtain

gene- or tissue-selective LXR agonists that efficiently

stimulate cholesterol efflux and are devoid of lipo-

genic properties. In addition, important interspecies

differences in the activity of LXR ligands may exist.

For example, a recent study on cultured human hepa-

tocytes [28] suggests that, in contrast to rodents, LXR

ligands may have a negative effect on glucose metabo-

lism in humans. Most studies with LXR agonists have

been performed in rodents and only recently has the

first LXR ligand entered a clinical trial in humans [24].

Data discussed in this paper raise additional con-

cerns about the possible side effects of LXR agonists

specific for the reproductive system. First, impaired

trophoblast invasiveness may increase the risk of

spontaneous abortion and preeclampsia [46]. Second,

in contrast to abnormalities of cholesterol synthesis,

such as SLO syndrome, stimulating transplacental

cholesterol transfer may not benefit a fetus with an in-

tact cholesterol biosynthesis pathway, but may induce

fetal hypercholesterolemia and stimulate the growth

of atherosclerotic plaques already in the fetus [59]. Fi-

nally, although a reduction in the estrogen level may

be beneficial from an oncology point of view [19], it

may accelerate menopause-associated complications,

such as osteoporosis. Further studies are needed to

better understand the role of LXR in the reproductive

system and to develop therapeutic strategies aimed at

modulating LXR signaling.
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