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Figure 3: A-Northen blot analysis of tissue distribution of LXR! and LXR" in the 
adult mouse. Cyclophilin is included as a comparative control. Adapted from Repa and 
Mangelsdorf 2000. 
B-Expression profile of mRNA transcript for mouse LXR! and LXR" in two 
mouse strains. Adapted from Bookout et mangelsdorf 2003, 2006. 
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in Dax-1 KO, the re-expression of Dax-1 specifically in Leydig re-
sults in improved fertility. Although testicular size was not re-
stored, Cyp19 expression was back to normal levels, and sperm
production was increased (Meeks et al., 2003).

2.3.2.4. Involvement in Sertoli cell functions. (Fig. 2): It was shown
that the cAMP-signaling pathway induced by FSH leads to a potent
down-regulation of Dax-1 expression in cultured Sertoli cells (Ta-
mai et al., 1996).

In parallel, Sertoli cell-specific expression of a Dax-1 transgene
is sufficient to partially rescue the primary testicular defect of
the male Dax-1-KO (Jeffs et al., 2001). Fertility was completely re-
stored. However, there is only a modest improvement in testicular
morphology. The rescue of fertility may be attributed to a combi-
nation of differences in the production and functional capacity of
spermatozoa (Jeffs et al., 2001).

These data suggest that following FSH effect on DAX-1, it could
be involved in the regulation of genes encoding paracrine factors
that will be primordial for germ cells.

2.3.3. Liver X receptors LXRa and LXRb (NR1H3 and NR1H2)
2.3.3.1. Physiological functions. The LXRs belong to the subclass of
nuclear receptors that form obligate heterodimers with the
retinoid receptors RXR and are activated by oxysterols (Repa and
Mangelsdorf, 2002). The heterodimer could be activated by both li-
gands. LXRs have been identified as players of many physiological
functions (Baranowski, 2008; Zhu et al., 2012)). Human LXRa (447
amino acids) and LXRb (460 amino acids) share 77% sequence
homology in their DBD and LBD (Lobaccaro et al., 2001).

If LXRb is ubiquitously expressed, LXRa is mostly present in
tissues with active metabolism. LXR are involved in key functions
in the control of cholesterol metabolism and lipogenesis (Zhang
et al., 2012; Korach-Andre et al., 2011a,b). In the liver, these ef-
fects are mediated by LXRa. It was first demonstrated that LXR
control the expression of the rate limiting step of bile acid synthe-
sis, cytochrome 7a1 (Cyp7a1) (Peet et al., 1998). Then, they were
also demonstrated to increase cholesterol reverse transport in
intestine and macrophage regulating the ATP Binding Cassett

Fig. 2. Involvement of lipidic nuclear receptors in testis. (A) Main regulator of steroidogenesis is the hypothalamo-pituitary axis through LH secrecretion and then via PKA
pathways. This LH secretion is in part regulated by LXRs. In the Leydig cells, steroids synthesis results from transformation of cholesterol originating from either endogenous
production or uptake of exogenous cholesterol. Interestingly, PPARs could interfere with these pathways and mainly in the context of exposure to endocrine disrupters.
Regarding the expression of steroidogenic genes, they have been demonstrated to be regulated by several nuclear receptors responding to lipidic stimulus. Positif effects were
shown for SF-1, LRH-1 and LXRa. In contrast steroidogenesis is negatively controlled by PPARs, Dax-1, SHP and FXR and also by the estrogen receptors. All these data suggest
that there could be some negative feedback involving several nuclear receptors such as FXR-SHP and LHR-1/SF-1. (B) Sertoli cells are supportive structure for normal
spermatogenesis. This role is stimulated by testosterone and FSH. Lipid homeostasis play an important role in Sertoli cell functions as highlighted by the LXRb or the RXRb
knock-out mice. Alteration of genes involved in the maintenance of cholesterol homeostasis led to abnormal storage of cholesterol esters which is supposed to altere Sertoli-
germ cell communication. (C) Regarding germ-cells, eventhough both LXRs and LRH-1 have been reported to be expressed in some steps of spermatogenesis, their roles
remain unknown. The role of RXRb has been well defined in the spermiation process. SHP has also been clearly involved the decision of germ cells to enter in meiosis and
progress through spermatogenesis.
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Identification of the Functions of Liver X Receptor-!
in Sertoli Cells Using a Targeted Expression-Rescue
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Liver X receptors (LXRs) are key regulators of lipid homeostasis and are involved in multiple tes-
ticular functions. The Lxr!!/!;Lxr"!/! mice have illuminated the roles of both isoforms in main-
tenance of the epithelium in the seminiferous tubules, spermatogenesis, and T production. The
requirement for LXR" in Sertoli cells have been emphasized by early abnormal cholesteryl ester
accumulation in the Lxr"!/! and Lxr!!/!;Lxr"!/! mice. Other phenotypes, such as germ cell loss and
hypogonadism, occur later in life in the Lxr!!/!;Lxr"!/! mice. Thus, LXR" expression in Sertoli cells
seems to be essential for normal testicular physiology. To decipher the roles of LXR" within the
Sertoli cells, we generated Lxr!!/!;Lxr"!/!:AMH-Lxr" transgenic mice, which reexpress Lxr" in
Sertoli cells in the context of Lxr!!/!;Lxr"!/! mice. In addition to lipid homeostasis, LXR" is nec-
essary for maintaining the blood-testis barrier and the integrity of the germ cell epithelium. LXR"

is also implicated in the paracrine action of Sertoli cells on Leydig cells to modulate T synthesis. The
Lxr!!/!;Lxr"!/! and Lxr!!/!;Lxr"!/!:AMH-Lxr" mice exhibit lipid accumulation in germ cells after
theAbcg8down-regulation,suggestinganintricateLXR"-dependentcooperationbetweentheSertoli
cellsandgermcells toensure spermiogenesis. Furtheranalysis revealedalsoperitubular smoothmuscle
defects (abnormal lipid accumulation and disorganized smooth muscle actin) and spermatozoa stag-
nationintheseminiferoustubules.TogetherthepresentworkelucidatesspecificrolesofLXR" inSertoli
cell physiology in vivo beyond lipid homeostasis. (Endocrinology 156: 4545–4557, 2015)

Liver X receptors (LXR! and LXR", NR1H3, and
NR1H2, respectively) belong to a subclass of nuclear

receptors that are activated after binding to their ligands,
the oxysterols. They are classically implicated in intracel-

lular cholesterol homeostasis (1). Many physiological
roles have been discovered using the Lxr!!/!;Lxr"!/!

mice, from lipid homeostasis to the regulation of glucose
metabolism or immunity (for review see reference 2). Both
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isoforms are expressed in the testis and play a crucial role
in fertility (3–5). During adulthood, each isoform is pre-
dominant in a specific testicular cell type: LXR! in Leydig
cells, LXR" in Sertoli cells, and both isoforms in germ
cells. The Lxr!!/! mice are characterized by the decreased
steroidogenic activity of Leydig cells and increased germ
cell apoptosis; the Lxr"!/! mice display cholesteryl ester
accumulation in the Sertoli cells, which is associated with
a decreased germ cell proliferation rate. Mice deficient for
both isoforms, Lxr!!/!;Lxr"!/!, exhibit progressive tes-
ticular degeneration with hypogonadism, germ cell deple-
tion. and definitive infertility by 7–9 months old (3, 5).
LXR! and LXR" have complementary and/or redundant
roles in the testis because the absence of one isoform is
partially compensated by the other; thus, the single knock-
out mice are fertile with few obvious defects (3, 6).

Sertoli cells represent the central cell type of the testis
that support germ cell differentiation and modulate the
androgens that are necessary for this purpose (7). LXR"
expression in Sertoli cells is presumed to be essential for
normal testicular physiology. Indeed, lipid accumulation
in Sertoli cells is the earliest phenotype and appears by 1.5
months of age in the Lxr"!/! and Lxr!!/!;Lxr"!/! mice;
it has been suggested as the central dysfunction in the testis
of these mice (3, 4). Likewise, a study of men with non-
obstructive azoospermia showed a significant decrease of
LXR" expression within the testis, which was associated
with fewer proliferating germ cells; this study further sup-
ports the pivotal role of LXR" within the testis (8).

To gain further insights into the roles of LXR" in Sertoli
cells, we generated a mouse line that reexpresses Lxr" only
in Sertoli cells in the Lxr!!/!;Lxr" !/! mice, using the
human AMH promoter (antimullerian hormone) (9). This
strain of mice, named Lxr!!/!;Lxr"!/!:AMH-Lxr", was
compared with the wild-type and Lxr!!/!;Lxr"!/! mice.
Here we note the various fundamental roles of LXR" in
Sertoli cell physiology and its implication in the structural
integrity and endocrine functioning of the testicular
tissue. Reexpression of LXR" in the Sertoli cells of the
Lxr!!/!;Lxr"!/! mice restores the structural architecture
of the seminiferous tubules; the large lipid vacuoles dis-
appear and the integrity of the blood-testis barrier is re-
established. Furthermore, LXR" expression in Sertoli cells
exerts a paracrine function on androgen synthesis by the
Leydig cells. Together these beneficial effects support the
germ cell population and only a few degenerated tubules
are found with aging. In addition, we show that germ cells
display persistent lipid vacuoles in the later stages of dif-
ferentiation, and thus, they require Abcg8 expression as an
essential LXR target gene to reestablish lipid homeostasis.
This mouse model also reveals a peritubular smooth mus-
cle phenotype with lipid accumulation and actin disorga-

nization. These new mice provide a relevant model for
deciphering the additional roles of LXRs in the testis.

Materials and Methods

Animals
The Lxr!!/!;Lxr"!/! mice were kindly supplied by labora-

tory of Repa and Mangelsdorf (10) and were maintained on a
mixed strain background (C57BL/6:129Sv). The Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice were generated in the local transgenic
facility of Génétique Reproduction et Développement. All
strains were fed ad libitum with the Global diet 2016S from
Harlan and maintained on a 12-hour light, 12-hour dark cycle.
For the experiments, some mice were gavaged with 25 mg/kg
T0901317 (Sigma-Aldrich) or vehicle (methyl cellulose), as de-
scribed previously (3). Other mice were injected with 20 mg/kg
busulfan and euthanized 4 or 8 weeks later (11). All of the pro-
tocols and experiments were approved by the regional ethics
committee and have already been published (3, 11).

Generation of transgenic mice
The Lxr!!/!;Lxr"!/!:AMH-Lxr" mice were generated by

additive transgenesis. As described in Supplemental Figure 1A,
the transgene construct was linearized by HindIII/XhoI digestion
and microinjected into Lxr!!/!;Lxr"!/!-fertilized mouse
oocytes. The eggs were retrieved from 3-month-old Lxr!!/!;
Lxr"!/! females. Before the eggs were harvested, the females
were superovulated using a 48-hour delayed stimulation with
pregnant mare serum gonadotropin (7.5 IU) and human chori-
onic gonadotropin (5 IU) and mated with 3-month-old
Lxr!!/!;Lxr"!/! males. The purified DNA was microinjected
using the Zeiss Transgenesis station Zeiss AXIOVERT 135 M.
The oocytes that were microinjected with the transgene construct
were transferred into pseudopregnant DBA/2 females. Southern
blotting was used to detect the transgenic founders and the copy
numbers of the transgene, as depicted in Supplemental Figure 1,
B and C. Two founders, F0–1 and F0–2, transmitted the AMH-
Lxr" transgene. Based on real-time quantitative PCR (RT-
qPCR) and western blotting analyses for transgene expression,
the F0–1 line was selected for further phenotypic investigations.

Histology, immunohistochemistry, and
immunofluorescence

Staining with hematoxylin/eosin, Oil red O (Sigma-Aldrich),
Ki67, and Azure 2 dye (Sigma-Aldrich and Agar Scientific) was
performed on semithin sections, as previously described (3).
Briefly, the tissues were fixed using 4% paraformaldehyde (Sig-
ma-Aldrich) and embedded in paraffin. For semithin sections,
the testes were fixed and postfixed as previously described (3).
Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling assays were performed as de-
scribed (3). Antibodies against Flag (clone M2, F1804; Sigma-
Aldrich), Sry-type high-mobility-group box transcription factor
9 (SOX9; AB5535; Millipore), Ki67 (SP6, M3064; Spring Bio-
science), smooth muscle actin (SMA; M0851; DAKO), perilipin
(GP29; Progen Biotechnik), and ATP-binding cassette transport-
ers G8 (ABCG8; NB400–110B; Novus Biological) were used
according to the manufacturers’ recommendations. The exper-
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iments were performed at least twice, with five to six mice per
group, except for the Azure 2 dye staining (n ! 3).

Blood-testis barrier (BTB) integrity assay
The integrity of the BTB was analyzed in the wild-type,

Lxr!"/";Lxr""/", and Lxr!"/";Lxr""/":AMH-Lxr" mice by an
intratesticular infusionofabiotin tracer,aspreviouslyreported(11,
12). Briefly, the testes of anesthetized mice were injected with the
qualitative TJ functional tracer biotin (10 mg/mL; EZ-Link Sulfo-
NHS-LC-Biotin; Pierce) in a volume of 10% of the weight of the
testis. They were then removed 30 minutes after the injection and
directly fixed in 4% paraformaldehyde (Sigma-Aldrich). The pen-
etration of the biotin tracer into the seminiferous lumen was visu-
alized by fluorescence microscopy using Alexa-488 streptavidin-
horseradish peroxidase (Invitrogen). The total number of tubes
with biotin penetration into the lumen of the seminiferous tubules
(defective tubes) and the number of tubes with biotin retained near
the basement membrane (intact tubes) were counted in a cross-
section of the entire testis (n ! 6/group).

Percentage of histological destruction
For each animal (n ! 6), a complete histological analysis of

three entire sections of the testis (9 mo old) was performed by
hematoxylin and eosin staining. Microscopic destruction in-
cluded vacuolated tubules, thin seminiferous epithelium, empty
tubules, and spermatozoa stagnation and were quantified for
each genotype. The percentage of each anomaly was evaluated in
relation to the total number of tubules per section.

Lipid measurements
The lipids were extracted as previously described (3). Briefly,

lipid separation was performed by high-performance thin-layer
chromatography using silica plates (Silica gel 60; Merck). The
plates were analyzed by densitometry (Sigma Scan Pro; Sigma-
Aldrich) using standards and migration solutions.

Hormone measurements
The steroids were extracted from the testes as previously de-

scribed (13). The intratesticular T levels were measured using
commercial kits (Diagnostic Biochem). The plasma FSH and LH
levels were measured by a Milliplex MAP mouse pituitary mag-
netic bead panel (96-well plate assay MPTMAG-49K) based on
the Luminex xMAP technology as previously described (14).

Western blot analysis
The proteins were extracted using HEPES 20 mM, NaCl 0.42

M, MgCl2 1.5 mM, EDTA 0.2 mM, and Nonidet P40 1% sup-
plemented with phenylmethylsulfonyl fluoride 1 mM (Sigma-
Aldrich), Complete protease inhibitors 1# (Roche Molecular
Biochemicals), NaF 0.1 mM, and Na2VO3 0.1 mM (Sigma-Al-
drich). The lysates were subjected to 10% SDS-PAGE and blot-
ted onto a nitrocellulose membrane (Amersham Pharmacia Bio-
tech). Antibodies against FLAG, which were used to detect the
transgene (F7425, Sigma-Aldrich) or "-actin (A2066; Sigma-Al-
drich) were used as previously described (15).

Quantitative PCR
The testis RNA was isolated using the RNeasy kit (QIAGEN)

and quantifications were performed by RT-qPCR as previously de-

scribed (3). The primer sequences are reported in the Supplemental
Information (Supplemental Table 1). The RT-qPCR products were
analyzed using the $$cycle threshold method for relative quantifi-
cation. The values were normalized to the 36b4 gene levels.

Statistical analysis
The data are expressed as the means % SEM. A one-way

ANOVA was performed to determine differences between the
various groups, and statistical analysis is indicated as follows: *,
P & .05; **, P & .01; and ***, P & .001.

Results

Lxr! is specifically expressed in the Sertoli cells of
Lxr""/";Lxr!"/"AMH-Lxr! mice

To examine the effect of rescued expression of Lxr" in
the Sertoli cells of the Lxr!"/";Lxr""/" mice, Lxr!"/";
Lxr""/":AMH-Lxr" transgenic mice were generated by
additive transgenesis using a linear construct, which con-
tains the Flag-tagged Lxr" cDNA driven by the human
AMH promoter (Supplemental Figure 1A). This promoter
has been already used to successfully target Sertoli cell-
specific expression (9). Despite the altered hormone stim-
ulation for egg retrieval in the Lxr!"/";Lxr""/" females
(16), two transgenic mouse founders were engineered
(Supplemental Figure 1B). One strain was selected based
on the criteria of successful construct insertion, Lxr" re-
expression, and transgene transmission (Figure 1A and
Supplemental Figure 1C). The subsequent analyses on the
second strain revealed the absence of the transgene ex-
pression, and thus, these mice were no longer used for the
phenotypic investigations. LXR" expression and activity
was confirmed in the Lxr!"/";Lxr""/":AMH-Lxr"
mouse testis by the accumulation of the 55-kDa Flag-
tagged protein (Figure 1B) as well as by induced transcrip-
tion of Srebp1c and Abca1 (known LXR target genes) in
response to T0901317 treatment (a synthetic LXR ago-
nist) (Figure 1C) (2, 17). The specific accumulation of
LXR" in Sertoli cells was verified by coimmunolocaliza-
tion of the Flag epitope and SOX9 (Figure 1D), a Sertoli
cell-specific marker (18). A careful analysis of the immu-
nohistochemistry in the Lxr!"/";Lxr""/":AMH-Lxr"
testis sections demonstrated Flag-LXR"-positive staining
in many or all of the Sertoli cells, suggesting that LXR"
expression was completely restored in this cell compart-
ment (Supplemental Figure 1D). Flag-LXR" labeling was
restricted to the testis and ovary, consistent with the en-
dogenous AMH promoter activity (Figure 1E). A devel-
opmental analysis of transgene expression in the testis
showed that it was expressed upon 14.5 days post coitum,
which was later than endogenous Lxr" but was robustly
expressed (7 and 15 days post partum) and persisted
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throughout adulthood (75 dpp), the temporal window in
which the phenotype occurs (Supplemental Figure 2). To-
gether these results confirmed the specific expression of a
functional transgene within the Sertoli cells.

Targeted expression of Lxr! in the Lxr"!/!;
Lxr!#/#:AMH-Lxr! mice restores lipid homeostasis
in Sertoli cells

Lipid accumulation in Sertoli cells is the hallmark of the
Lxr!!/!;Lxr"!/! testicular phenotype; cholesteryl esters

are the predominant lipids that ac-
cumulate inside the testicular tissue
(3, 4). Histological and biochemical
analyses of the Lxr!!/!;Lxr"!/!:
AMH-Lxr" mice testis showed nor-
mal cholesteryl ester levels (Oil
Red-O Staining and thin-layer chro-
matography analysis) (Figure 2, A
and B) compared with the Lxr!!/!;
Lxr"!/! and wild-type mice. This
phenotype occurs in the Lxr!!/!;
Lxr"!/! mice with aging. Here we
showed that LXR" expression was
sufficient to maintain cholesterol ho-
meostasis in the Sertoli cells of the
Lxr!!/!;Lxr"!/!:AMH-Lxr" mice
and prevented even long-term cho-
lesteryl ester accumulations as
shown in the 9-month-old mice
(Supplemental Figure 3, A–C). The
quantitative representation of the
Sertoli cells in the testicular tissue re-
mained unchanged in the Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice com-
pared with the wild-type mice and
Lxr!!/!;Lxr"!/! mice because the
Sox9 transcript accumulation exhib-
ited a similar profile (Figure 2C).
This suggests that the excessive lipid
accumulation within the Sertoli cells
did not affect the number of Sertoli
cells. One of the main functions of
the Sertoli cells in the testis is to
maintain the BTB to protect the germ
cells from the immune system. This
function is sustained by the presence
of a tight junction network between
Sertoli cells. We postulated that the
lipid droplet accumulation could
mechanically impair the Sertoli cell
cytoskeleton by disrupting adjacent
Sertoli-Sertoli junctions and Sertoli-
germ cell adhesions and interfering

with the paracrine actions of the Sertoli cells in the
Lxr!!/!;Lxr"!/! mice (for review see reference 19). Bi-
otin EZ, a sensitive marker of barrier alterations/disrup-
tions, was used to study the BTB in vivo (11, 20). The
wild-type seminiferous tubules efficiently prevented tracer
penetration, whereas the 4-month-old Lxr!!/!;Lxr"!/!

mice had significant alterations of their BTBs (Figure 2D).
Reexpression of Lxr" abolished Biotin EZ penetration in
the tubules of the Lxr!!/!;Lxr"!/!:AMH-Lxr" mice,
thus indicating a restoration of BTB integrity in these an-
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Figure 1. LXR" is specifically expressed in the Sertoli cells of the Lxr!!/!;Lxr"!/!:AMH-Lxr" mice. A,
The relative accumulation of the Lxr! (Nr1h3) and Lxr" (Nr1h2) mRNAs in the 4-month-old wild-type
(white bars), Lxr!!/!;Lxr"!/! (black bars), and Lxr!!/!;Lxr"!/!:AMH-Lxr" (gray bars) testis samples
(n " 6–9) were quantified by RT-qPCR. B, Western blot analyses were performed on the protein
lysates from 4-month-old wild-type, Lxr!!/!;Lxr"!/!, and Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse testes
using antibodies against the Flag epitope (sequence incorporated with the Lxr" transgene). "-Actin
was used as a loading control. C, The relative accumulation of the Srebp1c and Abca1 mRNAs in
testes extracts from 4-month-old mice of each genotype that were treated with vehicle
(methylcellulose) or T0901317 (25 mg/kg) were analyzed by RT-qPCR. D, Immunolocalization of the
Flag epitope and SOX9 (Sertoli cell specific marker) and HE staining of testes sections from 4-month-
old Lxr! !/!;Lxr"!/!:AMH-Lxr" mice. The arrowheads indicate the colocalization of both proteins in
the Sertoli cells. The scale bar represents 100 #m. E, Immunoblot analyses from the wild-type and
Lxr!!/!;Lxr"!/!:AMH-Lxr" testes and other Lxr!!/!;Lxr"!/!:AMH-Lxr" organs indicate that Flag-
LXR" accumulation was restricted to the Lxr!!/!;Lxr"!/!:AMH-Lxr" testis and ovary. The data are
expressed as the means # SEM. Statistical analysis: *, P $ .05,**, P $ .01, ***, P $ .001, compared
with the wild-type mice. HE, hematoxylin/eosin.
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Figure 2. Targeted expression of LXR! in the Lxr"!/!;Lxr! !/!:AMH-Lxr! mice restores lipid homeostasis and the BTB in Sertoli cells. A,
Histological sections of 4-month-old wild-type, Lxr"!/!;Lxr!!/!, and Lxr"!/!;Lxr!!/!:AMH-Lxr! testes showing the disappearance of lipid
vacuoles in the Lxr"!/!;Lxr!!/!:AMH-Lxr! mouse testis. The left vertical panel represents frozen sections stained with Oil Red-O (ORO) and
hematoxylin. The right panel represents semithin cross-sections of testes stained with Azure 2 dye. The arrowheads indicate the lipid vacuoles
within the Sertoli cell cytoplasm. Scale bar, 50 #m. B, Biochemical measurements of cholesteryl ester (CE) accumulation in the testis of 4-month-
old wild-type (white bars), Lxr"!/!;Lxr!!/! (black bars), and Lxr"!/!;Lxr!!/!:AMH-Lxr! (gray bars) mice. C, The relative accumulation of the Sox9
mRNA in the wild-type (white bars), Lxr"!/!;Lxr!!/! (black bars), and Lxr"!/!;Lxr!!/!:AMH-Lxr! (gray bars) mouse testis samples (n " 6–9) was
measured by RT-qPCR. D, Visualization of the Biotin-EZ tracer and hematoxylin/eosin (HE) staining and quantification of the BTB integrity in the
wild-type (white bars), Lxr"!/!;Lxr!!/! (black bars) and Lxr"!/!;Lxr!!/!:AMH-Lxr! (gray bars) mice. Biotin is retained near the basement
membrane when the BTB is intact; biotin diffusion into the seminiferous tubules (arrowheads) indicates a defective BTB. Scale bar, 100 #m. The
data are expressed as the means # SEM. Statistical analysis: *, P $ .05, ***, P $ .001, compared with the wild-type mice.
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imals (Figure 2D). These results indicate that rescued ex-
pression of a functional LXR! in the Lxr"!/!;Lxr!!/!

Sertoli cells in vivo corrects abnormal cholesteryl ester
accumulation, leading to a proper BTB.

LXR! expression in Sertoli cells participates in the
endocrine function of Leydig cells

Leydig cells are responsible for T production, which is
necessary for germ cell differentiation, libido, and the
maintenance of secondary sexual characteristics (6). The
Lxr"!/! and Lxr"!/!;Lxr!!/! mice exhibit a defect in T
production, which underlies abnormal Leydig cell steroid-
ogenesis (3). To decipher the specific role of LXR! within
Sertoli cells in the regulation of Leydig cell function, the
intratesticular T levels were measured in the wild-type,
Lxr"!/!;Lxr!!/!, and Lxr"!/!;Lxr!!/!:AMH-Lxr!
mice. Although the T levels were significantly lower in the
Lxr" !/!;Lxr! !/! mice, as already described, they were
restored in the Lxr"!/!;Lxr!!/!:AMH-Lxr! mice (Fig-

ure 3A). This effect was evident in the mating capacity of
these males (Figure 3B).

An analysis of the transcripts encoding steroidogenic
enzymes demonstrated the rescued regulation of Star and
3!hsd expression after Sertoli cell-specific LXR! expres-
sion (Figure 3C). The Srb1 transcript levels (Figure 3C)
and perilipin (PLIN1) staining (Supplemental Figure 4)
did not show anomalies in the Leydig cells, suggesting that
cholesterol was available for T synthesis. Scavenger re-
ceptor I is involved in cholesterol supply for steroidogen-
esis by high-density lipoprotein uptake PLIN1 and is a
marker of lipid droplet formation that is indirectly related
to cholesterol storage in Leydig cells (21). We next inves-
tigated the potential involvement of the hypothalamo-pi-
tuitary axis in regulating T production in the Lxr"!/!;
Lxr!!/!:AMH-Lxr! mice. By monitoring of Lhr
expression in the testis, we identified an equivalent situ-
ation with a minor but persistent up-regulation of the ex-
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Figure 3. LXR! expression within the Sertoli cells assists in regulating the endocrine function of the Leydig cells. A, Intratesticular T levels from the
testes of 4-month-old wild-type (white bars), Lxr"!/!;Lxr!!/! (black bars), and Lxr"!/!;Lxr!!/!:AMH-Lxr! (gray bars) mice (n " 10). B, The
mating capacity of 6- to 7-month-old mice was evaluated by the percentage of vaginal plugs. Twelve matings per group were performed in two
independent experiments. C, The relative expression levels of the genes involved in the steroidogenesis pathway within the testis was analyzed by
RT-qPCR. D, The relative Lhr mRNA levels within the testis were quantified by RT-qPCR. E, Plasma LH and FSH levels in the blood from each
genotype. F, The relative Fshb and Lhb mRNA levels in the pituitary gland of 4-month-old male mice was quantified by RT-qPCR. The data
represent the relative expression between the 4-month-old wild-type (white bars), Lxr"!/!;Lxr!!/! (black bars), and Lxr"!/!;Lxr!!/!:AMH-Lxr!
(gray bars) mice (n " 6–9). The data are expressed as the means # SEM. Statistical analysis: *, P $ .05, **, P $ .01, ***, P $ .001, compared
with the wild-type mice.
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pression of this gene in the Lxr!!/!;Lxr"!/!:AMH-Lxr"
mouse testis (Figure 3D) compared with the wild-type and
Lxr!!/!;Lxr"!/! mice. Given that Lhr expression is di-
rectly influenced by the plasma levels of LH, we monitored
the plasma LH levels and showed that the Lxr!!/!;
Lxr"!/! mice exhibited a decrease in circulating LH that
is not restored to the wild-type levels in the Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice (Figure 3E). In contrast, the
decrease in the plasma FSH concentrations in the Lxr!!/

!;Lxr"!/! mice was partially restored in the transgenic
mice (Figure 3E), consistent with changes in the Fshr and
Inh! transcript levels in the mouse testis from each geno-
type (Supplemental Figure 5).

In line with the plasma FSH and LH levels, the Fshb
levels were reduced in the Lxr!!/!;Lxr"!/! mice and re-
stored in the Lxr!!/!;Lxr"!/!:AMH-Lxr" mice, sup-
porting the hypothesis that the Sertoli cell-mediated reg-
ulation of inhibin is enough functional in the transgenic
mice to drive endocrine Sertoli cell regulation (Figure 3F).
The Lhb levels remained altered (Figure 3F). The persis-
tent central defect in LH production in the Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice clearly demonstrated that the

control of Leydig cell steroidogenesis by LXR" expression
in Sertoli cells is independent of the hypothalamo-pitu-
itary axis and did not involve the regulation of pituitary
LH secretion. Thus, it could be hypothesized that LXR"
expression in Sertoli cells regulates the production of para-
crine factors that modulate the production of steroids in
Leydig cells. Together we demonstrated that LXR" ex-
pression in Sertoli cells participated in an intratesticular
paracrine factor network to sustain T production.

Lipid homeostasis in germ cells is independent of
LXR! expression in Sertoli cells

Previous Lxr!!/!;Lxr"!/! testicular phenotype inves-
tigations highlighted lipid inclusion in spermatids, sug-
gesting an alteration during spermiogenesis. It still unclear
whether the initiation of this phenotype is cell autono-
mous. Given that germ cells are known to express both
LXR isoforms in the wild-type mice, we took advantage of
the Sertoli cell-specific LXR" expression in the Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice to address this question. We
investigated the presence of lipid accumulation in the germ
cells by semithin histology analysis (Azur blue) (Figure 4A)
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Figure 4. Lipid homeostasis in germ cells is independent of LXR" expression in Sertoli cells. A, Azure 2-stained semithin cross-sections from the
wild-type, Lxr!!/!;Lxr"!/!, and Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse testes exhibited persistent lipid accumulation in the germ cells (black squares
and arrowheads) in the Lxr!!/!;Lxr"!/! and Lxr!!/!;Lxr"!/!:AMH-Lxr" genotypes. B, PLIN1 immunostaining of wild-type, Lxr!!/!;Lxr"!/!, and
Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse testis sections. The dashed lines separate the seminiferous tubules (Tub) from the interstitial tissue (Int). The
white open arrowheads indicate PLIN1-positive staining in the Leydig cells, the white filled arrowheads indicate PLIN1-positive staining of
spermatids, and the white empty arrowheads indicate the spermatocyte-negative staining. C, Quantification of the PLIN1-positive staining for
spermatids in each genotype. Scale bar, 50 #m. The data are expressed as the means " SEM. Statistical analysis: **, P # .01. compared with the
wild type mice.
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and PLIN1 immunolocalization (Figure 4B), which stains
the lipid droplet surface. As already described by Chen et
al (21), we showed that Leydig cells were significantly
stained, which represented strong lipid metabolic activity
that is consistent with their steroidogenic activity. Inter-
estingly, Leydig cells exhibit constitutive perilipin stain-
ing, regardless of genotype (Figure 4B and Supplemental
Figure 4). We observed persistent lipid inclusions (Figure
4A) as well as PLIN1 staining (Figure 4B) in both the
Lxr!!/!;Lxr"!/! and Lxr!!/!;Lxr"!/!:AMH-Lxr"

mouse germ cells, particularly in the spermatids within the
tubules (Figure 4B). The PLIN1 staining in the Lxr!!/!;
Lxr"!/! and Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse germ
cells appeared to be restricted to the spermatid differen-
tiation stage and suggested this deregulation could impact

spermiogenesis. Hence, germ cell lipid homeostasis ap-
peared to be independent of LXR" activity in Sertoli cells.

To further investigate this phenomenon, we wondered
which of the altered genes in the LXR target gene panel
could explain these observations. Nonexhaustive screen-
ing of the LXR target genes involved in both fatty acid
synthesis and cholesterol metabolism revealed that Abcg8
exhibited a persistent down-regulation in either the
Lxr!!/!;Lxr"!/! or Lxr!!/!;Lxr"!/!:AMH-Lxr"

mouse testes (Figure 5, A and B). Experiments using busul-
fan treatment were performed to demonstrate germ cell
Abcg8 expression in vivo. Busulfan is an alkylating agent
that results in a reversible loss of germ cells. At 4 weeks
after treatment, the pool of germ cells disappears, but it
regenerates after 8 weeks (11). The Sox9 and Smad6 ac-
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Figure 5. LXR-dependent expression of Abcg8 is coordinated by the germ cells in the seminiferous tubules. A and B, Relative mRNA levels of the
LXR target genes involved in fatty acid synthesis and cholesterol metabolism, respectively, in the 4-month-old wild-type (white bars),
Lxr!!/!;Lxr"!/! (black bars), and Lxr!!/!;Lxr"!/!:AMH-Lxr" (gray bars) testes. C, Relative expression of the mRNA levels of known Sertoli cell-
and germ cell-specific genes (Sox9 and Smad6, respectively) and Abcg8 in the testes of wild-type mice (n " 6–7) treated with busulfan; at 4 weeks
after the busulfan treatment, there was a 90% loss of germ cell mass as confirmed by the low Smad6 levels and high Sox9 levels. At 8 weeks after
the busulfan treatment, the germ cells were regenerated, as demonstrated by the restored Smad6 and Sox9 levels. D, ABCG8 immunostaining
analyses performed on wild-type (white bars), Lxr!!/!;Lxr"!/! (black bars), and Lxr!!/!;Lxr"!/!:AMH-Lxr" (gray bars) testis sections. ABCG8
staining in the wild-type testis exhibited canonical Sertoli cell (left panel) as well as germ cell staining (right panel). The white arrowheads indicate
constitutive ABCG8 accumulation in Leydig cells. Scale bar, 20 #m. The data are expressed as the means # SEM. Statistical analysis: *, P $ .05,
**, P $ .01, ***, P $ .001, compared with the wild-type mice.
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cumulation profiles allow us to follow the enrichment of
Sertoli cells and the depletion of germ cells, respectively
(11, 18). Busulfan exposure in wild-type mice prompted us
to conclude that Abcg8 was mainly expressed in germ cells
because its expression profile mimics Smad6 expression
(Figure 5C). Unexpectedly, the immunolocalization of
ABCG8 in testis sections revealed an accumulation in
germ cells but also in Leydig and Sertoli cells (Figure 5D).
Moreover, the Sertoli and germ cell accumulation of
ABCG8 was clearly decreased in both the Lxr!!/!;
Lxr"!/! and Lxr!!/!;Lxr"!/!:AMH-Lxr" mice, with-
out any change in Leydig cell staining, regardless of ge-
notype (Figure 5D). These results are in agreement with
the Abcg8 mRNA accumulations that were decreased in
the Lxr!!/!;Lxr"!/! and Lxr!!/!;Lxr"!/!:AMH-Lxr"
mice (Figure 5B). Both tubule cell types exhibited de-
creased accumulation in the Lxr!!/!;Lxr"!/! and
Lxr!!/!;Lxr"!/!:AMH-Lxr" mice. This observation
demonstrated that LXRs control Abcg8 expression in this
compartment and that the rescued expression of LXR" in
Sertoli cell is not sufficient to restore Abcg8 expression.
Together these observations suggest that the LXR-depen-
dent expression of Abcg8 in the seminiferous tubules oc-
curred primarily in germ cells. This last idea is in accord

with the busulfan experiments and allows us to conclude
that Abcg8 was expressed in germ cells but that ABCG8
accumulation in Sertoli cells was highly dependent on
germ cells. Thus, we proposed that the LXR-driven ex-
pression of Abcg8 in the seminiferous tubules is essential
for lipid homeostasis in the later stages of spermatogenesis
of germ cells.

Rescue of LXR! expression in Sertoli cells reveals
an accumulation of neutral lipids in the myoid
peritubular cells that is correlated with abnormal
spermatozoa transit

The Lxr!!/!;Lxr"!/! mouse testis has been described
to develop progressive testicular degeneration that is char-
acterized by vacuoles and thin desquamated epithelium
that could progress to empty seminiferous tubules (Figure
6A) (3). An evaluation of seminiferous tubules in
9-month-old Lxr!!/!;Lxr"!/!:AMH-Lxr" mice showed
a global improvement of histological integrity that is char-
acterized by the disappearance of vacuoles, fewer thin ep-
ithelial tubules, and normalized testicular weight (Figure
6B and Supplemental Figure 6A). Strikingly, in mice that
reexpress LXR", an additional phenotype appears with
aging, which is characterized by stagnant spermatozoa in
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Figure 6. Rescue of Lxr" expression in Sertoli cells suppresses seminiferous epithelium degeneration and reveals abnormal spermatozoa transit. A,
Microscopic histological alterations (vacuolated tubules, thin seminiferous epithelium, empty tubules, and spermatozoa stagnation) were identified
in HE staining of the wild-type, Lxr!!/!;Lxr"!/!, and Lxr!!/!;Lxr"!/!:AMH-Lxr" testes. B, Relative quantification of the histological alterations in
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the lumen of the seminiferous tubules (Figure 6C,D). Mac-
roscopically, these tubules appear as whitish, thick tubules
(Figure 6C); microscopically, they are surrounded by a
thick peritubular layer, they lose their epithelial structure
and are filled with a large accumulation of spermatozoa
(Figure 6D). The spermatozoa within these tubules even-
tually become apoptotic (Figure 6E), and the bulk of the
luminal cells do not proliferate (Figure 6F).

In light of this unexpected phenotype, we raised two
hypotheses: either a distal obstruction or an impaired tu-
bular motility could lead to spermatozoa stagnation in the
Lxr!!/!;Lxr"!/!:AMH-Lxr" mice. We carefully exam-
ined the rete testis (Figure 7A), which did not reveal any
obstructions because they harbored spermatozoa in their
lumen. We next investigated the layer surrounding the
seminiferous tubules. We noticed lipid accumulations in
this layer, as shown by semithin Azure 2 dye and PLIN1
staining (Figure 7B). The peritubular smooth muscle cells
(PTSM) surrounding the tubules are necessary for tubular
contractility and spermatozoa propulsion. !SMA is a spe-
cific differentiation marker of these cells (22). In the
Lxr!!/!;Lxr"!/!:AMH-Lxr" mice, spermatozoa stagna-

tion is tightly associated with disorganized !SMA depo-
sition in the PTSM, as manifested by an enlarged smooth
muscle layer in the Lxr!!/!;Lxr"!/! and Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice (Figure 7C). The stagnation
was rarely present in the Lxr!!/!;Lxr"!/! mouse testis
due to the degeneration of seminiferous epithelium and the
loss of spermatogenesis. In contrast, seminiferous epithe-
lium maintenance, which is rescued in the Lxr!!/!;
Lxr"!/!:AMH-Lxr" mice, allows germ cell differentia-
tion and spermatozoa production and would unmask the
motility defects of the PTSM. Together the rescued Lxr"

expression in the Lxr!!/!;Lxr"!/!:AMH-Lxr" mice re-
stored the seminiferous epithelium thickness, revealing
PTSM defects, a masked phenotype of the Lxr!!/!;
Lxr"!/! mice. The question of whether the spermatozoa
transit defect is the cause or the consequence of such phe-
notype persists. In addition to abnormal lipid accumula-
tion within the germ cells (defective spermiogenesis), the
defective PTSM phenotype could also participate in the
persistent infertility in the Lxr!!/!;Lxr"!/!:AMH-Lxr"

male mice (Supplemental Figure 6, B–D).
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Discussion

By generating an Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse,
we provided an original in vivo model to decipher the
physiological roles of LXR" in Sertoli cells. LXR" regu-
lates the levels of lipids in Sertoli cells by controlling the
activation of specific genes. Interestingly, LXR" is funda-
mentally required in Sertoli cells to maintain a functional
and effective BTB and to sustain the germ cell pool. In
addition, it modulates the endocrine activity of Leydig
cells.

As expected, LXR" reexpression in Sertoli cells re-
stored lipid homeostasis. This is due in part to the in-
creased ATP-binding cassette transporter A1/ABCG1 lev-
els. This increased gene expression promotes the prompt
export of cholesterol from Sertoli cells, preventing vacuole
formation. Moreover, Abca1!/! mice exhibit lipid accu-
mulation similar to that of the Lxr!!/!;Lxr"!/! mice
(23). Many other mouse models targeting genes that en-
code nuclear receptors or proteins that are implicated in
lipid metabolism suffered from altered fertility with aging,
such as the Abca1!/!, Rxr"!/! and Ncoa2!/! mice, for
which explanations have been rarely found (4, 5, 23–25).
It could be supposed that the large lipid vacuoles alter
Sertoli cell physiology due to deformations. Indeed, lipid
droplet accumulation could mechanically impair the Ser-
toli cell cytoskeleton by disrupting adjacent Sertoli-Sertoli
junctions and Sertoli-germ cell adhesion and interfere with
the paracrine actions of Sertoli cells (for review see refer-
ence 19). Notably, BTB alterations were found in the
Lxr!!/!;Lxr"!/! mice but not in wild-type and
Lxr!!/!;Lxr"!/!:AMH-Lxr" mice. The BTB is formed
by tight junctions between neighboring Sertoli cells and
protects the germ cells in meiosis from the immune system.
The rupture of this barrier could lead to altered spermato-
genesis and infertility (for review see reference 26). We
demonstrated the necessity of LXR" within Sertoli cells to
maintain BTB integrity in vivo. This effect could be ex-
plained by the disappearance of lipid vacuoles and im-
proved T levels within the testis because this barrier is
sensitive to androgens.

During maturation, many modifications in the lipid
and protein contents of germ cells occur to render them
easily motile and fertile. When spermatozoa are released
from the seminiferous epithelium, they are believed to be
highly loaded with cholesterol, and a progressive loss
takes place to acquire the typical membrane fluidity of
spermatozoa. Therefore, the regulation of cholesterol me-
tabolism in germ cells represents a critical step in sperma-
tozoa differentiation. Volle et al (3) have previously de-
scribed putative inclusions in the germ cells of the
Lxr!!/!;Lxr"!/! mouse testis. We have demonstrated

that one of the reasons for the lipid accumulation could be
the absence of Abcg8 regulation. Indeed, our data show
that this gene is expressed in both germ cells and Sertoli
cells. Interestingly, the Abcg8!/! mice have a very low
fertility rate (27). Observations of the Lxr!!/!;Lxr"!/!:
AMH-Lxr" testes support the idea that the intrinsic ex-
pression of LXRs in germ cells plays a pivotal role in final
processes of spermiogenesis, which are necessary to obtain
fully competent spermatozoa. The intrinsic germ cell de-
fects would affect germ cell maturation and even later
stages of capacitation, which take place in an apparently
abnormal epididymis in the Lxr!!/!;Lxr"!/! mice (28).
Moreover, Abcg8 is expressed in Sertoli cells and is not
under the control of LXR" in this compartment because
the Lxr!!/!;Lxr"!/!:AMH-Lxr" mice exhibited lower
levels of this transcript compared with the wild-type mice.
The results obtained from the immunolocalization of
ABCG8 (Figure 5D) in the three genotypes as well as the
busulfan experiments (Figure 5C) suggested that LXR reg-
ulation in germ cells was essential for the expression of
Abcg8 in the entire tubule, even in Sertoli cells. Consistent
with the idea that ABCG8 is important during spermio-
genesis, we observed that different patterns of accumula-
tion of this protein (Figure 5D) from one tubule to another
could suggest that Abcg8 expression is associated with
waves of spermatogenesis across the seminiferous tubules.
Together these results encourage the development and
analysis of new mouse models with germ cell-specific de-
letions of LXRs to decipher the role of LXR in
spermiogenesis.

Our in vivo strategy using the Lxr!!/!;Lxr"!/! mice
instead of the Lxr"!/! mice to restore Lxr" expression
was motivated by the opportunity to identify the role of
Sertoli cell-specific expression of Lxr" regarding the other
testicular cell types. This approach leads us to identify the
essential role of LXR" in Sertoli cells to control steroid-
ogenesis in Leydig cells. We previously showed that LXR!
could activate T synthesis in Leydig cells by modulating
the star and 3"hsd levels (3). The Lxr!!/!;Lxr"!/!:
AMH-Lxr" strain demonstrated that LXR" expression
within the Sertoli cells is able to regulate T synthesis
through a putative paracrine effect on Leydig cell steroid-
ogenesis. Indeed, both star and 3"hsd expressions are re-
stored in the Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse testis.
The secreted mediator of Sertoli cells that is able to regu-
late steroidogenesis under the control of LXR needs to be
identified. The Lxr!!/!;Lxr"!/!:AMH-Lxr" mice pro-
vide a unique in vivo model to answer this question.

Finally, one of the most striking facts is an unexpected
phenotype that was revealed in both the Lxr!!/!;Lxr"!/!

and Lxr!!/!;Lxr"!/!:AMH-Lxr" mice. This phenotype
is characterized by PTSM defects due to lipid accumula-
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tion and smooth muscle actin disorganization. Interest-
ingly, PTSM defects have been associated with altered Ser-
toli cell functions and oligoazoospermia or even
azoospermia and infertility (7, 29). This phenotype re-
mained hidden in the Lxr!!/!;Lxr"!/! mice, which may
be explained by the quantity of germ cells to be propelled
because germ cells are scarce in Lxr!!/!;Lxr"!/! mice
testis. This observation could be correlated to cholesteryl
ester accumulation, as previously described in the muscle
compartment of the myometrium from females lacking
LXR", who display contractility defects (30).

In conclusion, we present further evidence supporting
the critical roles of LXR" in Sertoli cells beyond lipid ho-
meostasis. As previously postulated by Volle et al (3), the
Lxr!!/!;Lxr"!/!:AMH-Lxr" mouse model confirmed
that the defective function of the Lxr!!/!;Lxr"!/! mouse
testis resulted from a combination of phenotypes that
emerged from distinct compartments of this gland. The
focus on Sertoli cell activity in the Lxr!!/!;Lxr"!/!:
AMH-Lxr" mice demonstrated that paracrine and endo-
crine signals from these cells actively participate in Leydig
and germ cell homeostasis. This model allowed us to dis-
cover a new role for LXRs in the PTSM compartment.
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Supplemental figure 1: (A) Schematic representation of the transgenic construct that was injected 

into fertilized Lxr -/-;Lxr -/- mouse eggs to establish the Lxr -/-;Lxr -/-:AMH-Lxr  strain. The Lxr  

cDNA was fused with Flag tag and is under the control of human AMH promoter, as previously 

described (11). The -globin intron was inserted 5' of the coding sequence and the BGH (Bovine 

Growth Hormone) polyadenylated sequence was inserted in the 3' region. The transgene was 

linearized and purified before microinjection using HindIII/XhoI digestion. (B) The table summarizes 

the number of founders, copy number (determine by Southern blot) and transgene transmission. 

Nr1h3-/-;Nr1h2-/- was named Lxr -/-;Lxr -/- and Nr1h3-/-;Nr1h2-/-:AMH-Nr1h2 was named Lxr -/-

;Lxr -/-:AMH-Lxr   in the manuscript (C) Southern (upper panel) and Northern (lower panel) blots of 

the wild type, Lxr -/-;Lxr -/-  and Lxr -/-;Lxr -/-:AMH-Lxr  tail and testis extracts using the -

globin probe, as indicated in A for Southern blot, or using the Lxr  cDNA probe for the Northern 

blot. The white arrow indicates the full-length transgene fragment and the black arrow represents the 

insertion fragments. As indicated, two strains, F0-1 and F0-2, were obtained and tested for Lxr  

rescue. (D) Immunohistochemistry of testis sections from 4-month-old of wild type, Lxr -/-;Lxr -/- 

and  Lxr -/-;Lxr -/-:AMH-Lxr  (strain F0-1) mice using antibodies against the Flag epitope. The 

scale bar represents 100 µm. 

 

Supplemental figure 2: (A) Relative mRNA expression of Lxr  (Nr1h2) in the wild type and Lxr -/-

;Lxr -/-:AMH-Lxr  mouse testis at 12.5dpc, 1245dpc, 7dpp, 15dpp and 75dpp. 

 

Supplemental figure 3: (A) Frozen sections of 9-month-old wild type, Lxr -/-;Lxr -/- and Lxr -/-

;Lxr -/-:AMH-Lxr mice testes were stained with Oil Red-O (ORO). The scale bar represents 200 µm 

(B) Biochemical measurement of cholesteryl ester (CE) accumulation in the testis of 9-month-old wild 

type, Lxr -/-;Lxr -/- and Lxr -/-;Lxr -/-:AMH-Lxr mice using High Performance Thin Layer 

Chromatography. (C) Relative Lxr  (Nr1h2) expression level in the testis of 9-month-old wild type, 

Lxr -/-;Lxr -/- and Lxr -/-;Lxr -/-:AMH-Lxr mice. ***: p<0.001. 

 

Supplemental figure 4: Representative immunofluorescence detection of PLIN1 in the testicular 

interstitial tissue (Int) of each genotype. Scale bar, 10 µm. 

 

Supplemental figure 5: Relative mRNA expression of Sertoli cell-specific endocrine markers in the 

testes of the wild type, Lxr -/-;Lxr -/- and Lxr -/-;Lxr -/-:AMH-Lxr mice. 

 

Supplemental figure 6: (A) Relative testis weight from 4-, 6- and 9-month-old wild type, Lxr -/-

;Lxr -/ -and Lxr -/-;Lxr -/-:AMH-Lxr mice (n=6/9). (B) The percentage of mating efficiency was 



! "!

measured by vaginal plugs after overnight matings between 6-month-old wild type, Lxr -/-;Lxr -/- 

and Lxr -/-;Lxr -/-:AMH-Lxr  male mice and wild type females. (C) The number of pups per litter 

resulting from the matings between 6-month-old wild type, Lxr -/-;Lxr -/- and Lxr -/-;Lxr -/-:AMH-

Lxr male mice and wild type females (n=12 per group). (D) Percentage of wild type female mice that 

delivered a litter after separation from the 6-month-old wild type, Lxr -/-;Lxr -/- and Lxr -/-;Lxr -/-

:AMH-Lxr male mice. *: p<0.05, **: p<0,01, ***: p<0,001. 

 

 

Supplemental Table 1: qPCR primer sequences 

Gene name  Sequence 5' to 3' 
36b4 Fw GTCACTGTGCCAGCTCAGAA 

 Rv TCAATGGTGCCTCTGGAGAT 
Abcg1 Fw GCTGTGCGTTTTGTGCTGTT 

 Rv TGCAGCTCCAATCAGTAGTCCTAA 
Abca1 Fw CGTTTCCGGGAAGTGTCCTA 

 Rv GCTAGAGATGACAAGGAGGAGGA 
Abcg8 Fw TGCCCACCCTTCCACATGTC 

 Rv ATGAAGCCGGCAGTAAGGTAGA 
AR Fw AATGAGTACCGCATGCACAA 

 Rv GGAGCTTGGTGAGCTGGTAG 
Cyp11a Fw CTGCCTCCAGACTTCTTTCG 

 Rv TTCTTGAAGGGCAGCTTGTT 
Cyp17 Fw CCAGGACCCAAGTGTGTTCT 

 Rv CCTGATACGAAGCACTTCTCG 
Fas Fw GCTGCGGAAACTTCAGGAAAT 

 Rv AGAGACGTGTCACTCCTGGACTT 
Fshb Fw CTGGTGCTGGAGAGCAATCT 

 Rv TGAGCAGCCTAACCTTGTGG 
Fshr Fw GTGCTCACCAAGCTTCGAGTCAT 

 Rv AAGGCCTCAGGGTTGATGTACAG 
Inha Fw TCCTGGTAGCCCACACTAGG 

 Rv GAAACTGGGAGGGTGTACGA 
Lhr Fw AGCTAAATGCCTTTGACAACC 

 Rv GATGGACTCATTATTCATCC 
Lhb Fw AGAGAATGAGTTCTGCCCAG 

 Rv CTACAGGAAAGGAGACTATGG 
 Fw TGCCATCAGCATCTTCTCTG 

 Rv GGCTCACCAGCTTCATTAGC 
 Fw CGCTACAACCACGAGACAGA 

 Rv TGTTGATGGCGATAAGCAAG 
Nanog 

 
Scd1 

Fw 
Rv 
Fw 

TACTGAGATGCTCTGCACAG 
GACTGGTAGAAGAATCAGGG 
CCGGAGACCCCTTAGATCGA 

 Rv TAGCCTGTAAAAGATTTCTGC 
Smad6 Fw TATTCTCGGCTGTCTCCTCC 

 Rv AGTGATGAGGGAGTTGGTGG 
Sox9 Fw CCTAATGCTATCTTCAAGGCGC 

 Rv GCTCAGTTCACCGATGTCCACG 
Srebp1c Fw GGAGCCATGGATTGCACATT 

 Rv GGCCCGGGAAGTCACTGT 



! "!

 

 

 
!

Srb1 Fw CCTTCGTGGAGAACCGCAGCC 
 Rv CCCATGGTGACCAGCGCCAA 

Star Fw TGTCAAGGAGATCAAGGTCCTG 
 Rv CGATAGGACCTGGTTGATGAT 

Scd2 Fw TTCCTCATCATTGCCAACAAC 
 Rv GGGCCCATTCATACACGTCA 

 Fw ATGGTCTGCCTGGGAATGAC 
 Rv ACTGCAGGAGGTCAGAGCT 

Tbp Fw GCTACTGAACTGCTGGTGGGTCA 
 Rv GTGATGTGAAGTTCCCTATAAGGCT 
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ABSTRACT 

Liver X receptors are nuclear receptors regulating cholesterol balance, inflammation 

and steroid synthesis, thus are suggested to influence the ovarian function. Both isoforms, and 

their ligand, the follicular fluid-meiosis activating sterol, are expressed in the ovary. To date, 

few studies analysed the in vivo roles of LXRs in the ovary. Lxr!-/-;Lxr"-/- mice develop 

ovarian hyperstimulation syndrome (OHSS) in response to gonadotropin stimulation. 

Indeed, granulosa cells (GC) are major supporting cells promoting oocyte maturation and 

ovulation in response to gonadotropins. Thus, LXR in the GC could be the primum movens 

driving normal ovarian physiology. Both LXR! and LXR" are expressed in the GC with a 

relative predominance of the second isoform. 

In order to decipher the roles of LXR in the GC, we generated Lxr!-/-;Lxr"-/-:AMH-

Lxr" mice. This transgenic line re-expresses LXR" under the control of human AMH 

promoter (specific GC expression) in a background of Lxr!-/-;Lxr"-/- mice.  

Lxr!-/-;Lxr"-/- mice develop late sterility due to abnormal oocyte maturation and increased 

oocyte atresia. GC paracrine factors, cumulus expansion are compromised and estradiol levels 

are deregulated. LXR" re-expression in Lxr!-/-;Lxr"-/-:AMH-Lxr" restores these defects. 

Furthermore, LXR" in the GC regulates ovarian response to gonadotropins and prevents 

OHSS.  

Women at high risk for OHSS undergoing medically assisted procreation, have a 

significant reduction in the LXR" expression in the granulosa-lutein cells. 

These results demonstrate that LXR" in the GC is a regulator of multiple mechanisms 

essential for follicle maturation, oocyte survival and for ovulation. LXR" is therefore a 

potential target to regulate female fertility and to prevent OHSS. 

  



INTRODUCTION 

Liver X receptors (LXR! and ", NR1H3 and NR1H2, respectively) belong to a 

subclass of nuclear receptors, which are activated upon binding to their ligands, the 

oxysterols. They were first described as cellular cholesterol sensors (Peet et al., 1998) before 

the discovery of their importance in the physiopathology of atherosclerosis, diabetes, 

inflammatory diseases and cancer (for review (Tontonoz and Mangelsdorf, 2003)). Being 

implicated in the regulation of cholesterol balance (Peet et al., 1998), steroid synthesis 

(Cummins et al., 2006; Maqdasy et al., 2015; David H Volle et al., 2007) and in inflammation 

(Poli et al., 2013; Vejux and Lizard, 2009), processes necessary for follicular growth and 

ovulation, one can suggest that LXRs could regulate ovarian physiology. To date, few studies 

analysed the in vivo roles of LXRs in the ovary. Indeed, both isoforms are expressed in the 

ovary, with the predominance of LXR" in the oocytes and the granulosa cells (GC) (Mouzat 

et al., 2009; Steffensen et al., 2006). Furthermore, FF-MAS (follicular fluid-meiosis 

activating sterol), a known LXR ligand, is one of the major sterols in the ovarian follicle. FF-

MAS is implicated in the resumption of oocyte meiosis, serving as an intermediate between 

gonadotropins and the oocyte (Grøndahl, 2008; Grøndahl et al., 1998; Leonardsen et al., 

2000; Marín Bivens et al., 2004). 

Steffensen et al. first identified that LXR" was necessary for normal ovulation. 

Indeed, Lxr!-/- and Lxr"-/-;Lxr!-/-  are hypofertile beyond 5 month old (Steffensen et al., 

2006). Ex vivo analyses showed that meiosis resumption under the influence of FSH or 

zymosterol (FF-MAS like) is LXR-dependent. Moreover, GW3965, a specific LXR ligand, 

induces meiosis resumption in wild type oocytes (Steffensen et al., 2006).  

LXRs are also key regulators of the ovarian response to gonadotropin stimulation. 

Indeed, induction of ovulation in Lxr"-/-;Lxr!-/- mice is associated with an exaggerated 

ovarian response manifested by increased number of the ovulated oocytes, massive ovarian 

enlargement, excessive inflammatory reaction, increased vascular permeability and elevated 

E2 levels, a phenotype similar to ovarian hyperstimulation syndrome (OHSS) (Mouzat et al., 

2009).  

 Indeed, most of the genes encoding steroidogenesis enzymes (Star, Cyp11A1, Cyp19), 

inflammatory cytokines (interleukines, VEGF), and oocyte maturation (FF-MAS, Kitl) are 

expressed in the GC (Byskov et al., 2002; Drouineaud et al., 2007; Kamat et al., 1995; 

Mouzat et al., 2009; Packer et al., 1994; Wang et al., 2006; Wei et al., 2013). Moreover, study 

of human GC identified LXR! as the major isoform in this compartment, regulating ABCA1, 



ABCG1, APOE, SR-B1 expression (Drouineaud et al., 2007). Thus, LXR! in the GC could be 

the primum movens driving normal oocyte maturation and ovulation.  

In order to gain further insight into the roles of LXR! in the GC, we investigated the 

ovarian phenotype of a mouse line re-expressing LXR! only in this compartment in a 

background of Lxr!-/-;Lxr"-/- mice. We used human AMH (anti-müllerian hormone) 

promoter (Lécureuil et al., 2002; Maqdasy et al., 2015) to target GC-specific expression. This 

strain of mice, named Lxr!-/-;Lxr"-/-:AMH-Lxr" (Maqdasy et al., 2015), was compared with 

wild type and Lxr!-/-;Lxr"-/- mice. 

   



MATERIALS and METHODS 

 

Animals 

  Lxr!-/-;Lxr"-/- mice have been kindly supplied by Mangelsdorf’s laboratory (Repa 

and Mangelsdorf, 2002) and were maintained on a mixed strain background 

(C57BL/6:129Sv). Lxr!-/-;Lxr"-/-:AMH-Lxr" mice have been generated in the local 

transgenesis platform of GReD. All strains were fed ad libitum Global-diet 2016S from 

Harlan and maintained in 12h light/dark cycles. All the protocols and experiments were 

approved by the Regional Ethics Committee and already published (Maqdasy et al., 2015; 

Mouzat et al., 2009). 

 

Macroscopic, Histology, Immunohistochemistry and Immunofluorescence 

Ovaries were collected, carefully examined for follicular haemorrhage, fixed and then 

embedded in partaffin. Hematoxylin/eosin staining was performed as described previously 

(David H Volle et al., 2007). 

 

Fertility tests 

Wild type, Lxr!-/-;Lxr"-/- and Lxr!-/-;Lxr"-/-:AMH-Lxr" female mice of 8-10 month-

old mate 2-3 month old wild type male mice (2 females with one male in a cage) for breeding. 

Only females with a vaginal plug were followed up for eventual gestation and birth. Females 

with an efficient plug gave birth, and the number of pups per litter was counted.  

 

Stimulation with gonadotropins 

8-10 month old Female mice (wild type, Lxr!-/-;Lxr"-/-, Lxr!-/-;Lxr"-/-:AMH-Lxr") 

were treated with gonadotropins according to superovulation protocol as previously described 

(Mouzat et al., 2009). Briefly, mice received an intraperitoneal injection of 7.5 UI of Pregnant 

mare’s serum gonadotropin (PMSG), followed by 5UI of human chorionic gonadotropin 

(hCG), with an interval of 46 hours between two injections. Ovaries for histology or 

molecular analyses were obtained 40 hours after hCG injection. Oocytes with their cumulus 

were retrieved from the oviduct of the uterine tract 16 hours after hCG injection. They were 

cultured in DMEM (Invitrogen, Cergy Pontoise, France), supplemented with 20% fetal calf 

serum and antibiotics. Oocytes were separated from the cumulus thanks to incubation with 

0.3% hyaluronidase (Sigma-Aldrich) for 10 minutes and were examined under dissecting 



microscope. Viability was evaluated according to the presence or absence of a polar body, 

zona pellucidae, or any other anomalies.  

 

FSH and LH Measurements 

 Serum FSH and LH levels were measured by Milliplex® MAP mouse pituitary magnetic 

bead panel (96-Well Plate Assay MPTMAG-49K) based on the Luminex® xMAP® 

technology. 

 

Western Blot Analysis 

Proteins were extracted using HEPES 20 mM, NaCl 0.42 M, MgCl2 1.5 mM, EDTA 

0.2 mM and NP40 1% supplemented with PMSF 1 mM (Sigma-Aldrich), Complete 1X 

(Roche Molecular Biochemicals, Meylan, France), NaF 0.1 mM and Na2VO3 0.1 mM 

(Sigma-Aldrich). Lysates were subjected to 10% SDS-PAGE and blotted onto a nitrocellulose 

membrane (Amersham Pharmacia Biotech, Orsay, France). Antibodies raised against FLAG 

to detect the transgene (F7425, Sigma-Aldrich) were used as previously described (Pommier 

et al., 2013). 

 

Study of human granulosa Lutein cells 

In women who underwent a controlled ovarian stimulation for ICSI (male factor 

sterility), the retrieved oocytes with their cumulus were treated according to the protocol of 

the university hospital of Clermont-Ferrand and the oocytes were fertilized with spermatozoa. 

Cumulus cells were collected and treated for the molecular study (RT-qPCR).  

 

Ethical issues 

The animal analyses are authorized by the local committee of ethics and animal 

protection.  

Human sample collection and analyses are authorized by the national committee of 

ethics and human protection (CPP number…). The university hospital of Clermont-Ferrand is 

the promoter of the project.  

 

qPCR 

Ovary RNA was isolated using the RNeasy kit (Qiagen, Courtaboeuf, France) and 

quantifications were performed by RT-qPCR as described previously (Maqdasy et al., 2015). 

Primer sequences are reported in the supplementary Informations (Table S1). RT-qPCR 



amplifications were analysed using the !!CT method for relative quantification. Values were 

normalized to the !-Actin gene expression. 

 

Statistical Analysis 

Data are expressed as the means ± SEM. One-way ANOVA was performed to 

determine differences between various groups and statistical analysis indicated as: *, p<0.05; 

**, p<0.01; ***, p<0.001. 

  



Wild type 

Lxr!-/-;Lxr"-/- 

Lxr!-/-;Lxr"-/-:AMH-Lxr" 

Figure 1. LXR! expression in the granulosa cells is necessary for normal fertility. 
A.  The relative accumulation of the Lxr! (Nr1h3) and Lxr" (Nr1h2) mRNAs in the 8-10 

month-old wild-type (white bars), Lxr!#/#;Lxr"#/# (black bars), and Lxr!#/#;Lxr"
#/#:AMH-Lxr" (gray bars) ovary samples (n = 10), quantified by RT-qPCR.  

B.  The relative accumulation of the mRNAs coding LXR target genes in ovary extracts 
from 8-month-old mice of each genotype analysed by RT-qPCR. 

C.  Percentage of efficient vaginal plugs in the 8-10 month-old wild-type (white bars), 
Lxr!#/#;Lxr"#/# (black bars), and Lxr!#/#;Lxr"#/#:AMH-Lxr" (gray bars). 

D.  Mean number of pups per litter for each genotype after breeding with a wild type 
mouse. 

E.  Mean percentage of living oocytes retrieved in the oviduct after a protocol of ovarian 
stimulation in the 8-10 month-old mice. 

F.  Dissecting microscope photograph demonstrating a living versus atretic oocyte 
lacking zona pellucidae and polar bodies. 

G.  H/E histological examination of ovary sections of  the 8-10 month-old mice showing 
normal corpus Luteum formation in wild-type and Lxr!#/#;Lxr"#/#:AMH-Lxr" 
strains. 

The data are expressed as the means ± SEM. Statistical analysis: ***, P < .001, 
compared with the wild-type mice. 
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RESULTS 

1) LXR! expression in the GC is necessary for fertility. 

In order to better characterise the role of LXR! rescue in physiology of the ovary, Lxr!-/-

;Lxr"-/-:AMH-Lxr" mice were generated by additive transgenesis as characterized in the male 

mice as already described (Maqdasy et al., 2015).  

LXR! expression and activity was confirmed by the detection of Lxr" with its target genes 

(Figure 1 A). The classical ones are normalised when LXR! is re-expressed in the GC (Lxr!-

/-;Lxr"-/-:AMH-Lxr" mice). Surprisingly, Abcg1 levels were highly expressed within the 

ovaries of Lxr!-/-;Lxr"-/- mice (Figure 1 B). 

When subjected to breeding, wild type, Lxr!-/-;Lxr"-/- female mice were sterile by age of 8 

month old with no litters born despite a vaginal plug. Wild type and Lxr!-/-;Lxr"-/-:AMH-

Lxr" mice were fertile (Figure 1 C and D). The sterility in Lxr!-/-;Lxr"-/- mice was 

concordant with a drastic reduction of the percentage of living oocytes in these mice (18% of 

the total number) which is restored with LXR! re-expression (Figure 1 E and F). 

Furthermore, histological examination of ovary sections reveals multiple corpora lutea in 

Lxr!-/-;Lxr"-/-:AMH-Lxr" mice, suggesting a restoration of the normal ovulation. 

These results indicate that adult mice lacking LXR in the GC develop sterility due to oocyte 

death and abnormal corpus luteum development. 

 

2) LXR! is necessary for the granulosa cell physiology 

Granulosa cells form a nursing niche for the oocytes during the follicular maturation. 

They secrete paracrine factors modulating oocyte growth and maturation (AMH, KitL) 

(Durlinger et al., 1999; Parrott and Skinner, 2000) (Winterhager and Kidder, 2015) and theca 

cell steroid synthesis (Inh!, Ar, estradiol) (Hillier, 2001; Lubahn et al., 1993; Sen et al., 2014) 

using micro channels (Cnx43) to exchange nutrients, and autocrine factors implicated in 

cumulus expansion and steroid synthesis (Lrh-1) (Duggavathi et al., 2008). Absence of LXR! 

is responsible for the deregulation of most of these factors in the basal (Figure 2 A) and post-

gonadotropin stimulation (Figure 2 B) situations, indicating its necessity for a normal GC 

physiology. Specialized GC form the cumulus oophorus that surround the oocyte. The 

cumulus secretes extracellular matrix leading to its expansion and stimulates meiosis 

resumption in the oocytes just before ovulation. Ptgs2 and Tnfaip6 are known to encode 

proteins implicated in cumulus expansion. The expression of these markers is significantly 

altered in the absence of LXR! in the GC (Figure 2 C and D). These anomalies are 

completely restored in Lxr!-/-;Lxr"-/-:AMH-Lxr" mice. Overall, GC physiology is greatly 



Figure 2. LXR! is necessary for the granulosa cell physiology and preovulation 
remodeling. 
A.  The relative accumulation of mRNA of different granulosa cell markers in the 8-10 

month-old wild-type (white bars), Lxr!"/";Lxr#"/" (black bars), and Lxr!"/";Lxr#"/
":AMH-Lxr# (gray bars) ovary samples (n = 5-10 per group), quantified by RT-qPCR.  

B.  The relative accumulation of mRNA of cumulus oophorus markers, implicated in 
cumulus expansion during ovulation, in the 8-10 month-old wild-type (white bars), 
Lxr!"/";Lxr#"/" (black bars), and Lxr!"/";Lxr#"/":AMH-Lxr# (gray bars) ovary 
samples (n = 5-10) quantified by RT-qPCR.  

C.  H/E of a Graafian follicle showing defective cumulus expansion after hormonal 
stimulation; left-to-right: normal vs defective expansion respectively.  

D.  The relative accumulation of mRNA of different granulosa cell markers in the 8-10 
month-old wild-type (white bars), Lxr!"/";Lxr#"/" (black bars), and Lxr!"/";Lxr#"/
":AMH-Lxr# (gray bars) ovary samples (n=5-10) after hormonal stimulation (PMSG 
and hCG), quantified by RT-qPCR.  

The data are expressed as the means ± SEM. Statistical analysis: ***, P < .001, compared 
with the wild-type mice. 
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dependent on LXR!. These defects participate actively in the poor quality of the oocytes and 

consequently on the fertility.  

 

3) The endocrine activity of the ovary is regulated by LXR! expression in the GC.  

Follicle growth, oocyte maturation, cumulus expansion and the paracrine activity of the 

GC are modulated by androgens and estradiol (Dubois et al., 2016). Both GC and theca cells 

(TC) reciprocally cooperate to optimise the synthesis and secretion of oestrogens, 

progesterone and androgens by the ovary (Figure 3A). Indeed, GC influence TC for androgen 

production, and aromatize it to oestrogens. Furthermore, they regulate, by retro control 

mechanisms, the gonadotropin levels. All the mRNA of genes encoding steroid synthesis are 

drastically reduced in Lxr!-/-;Lxr"-/- mice (Figure 3B). Plasma FSH and LH levels are also 

decreased (Figure 3C). Moreover, Transcripts of Fshr, Lhr, Cyp19 and Er! have the same 

pattern (Figure 3D and E). These anomalies are restored in Lxr!-/-;Lxr"-/-:AMH-Lxr" mice. 

Thus, absence of LXR! is associated with a complete deregulation of the pituitary-ovarian 

axis and the ovarian steroidogenic activity. Such a molecular profile with low gonadotropin 

levels suggests an enhanced bioavailability of basal estradiol. 

 

4) LXR! expression in the GC is necessary to regulate the ovarian response to 

gonadotropins.  

Ovaries from Lxr!-/-;Lxr"-/- mice are characterized by an exaggerated response to 

gonadotropins developing an OHSS. Nevertheless, the origin this phenotype is not well 

explained. In Lxr!-/-;Lxr"-/-:AMH-Lxr" mice, LXR! re-expression in the GC restored the 

ovarian response upon stimulation by gonadotropins. The ovary weight is normalized (Figure 

4A) and the homorrhagic follicles disappeared (Figure 4 B, C). Hormonal stimulation induced 

an abnormal ovulation of atretic oocytes in the absence of LXR! (Figure 4 D,E). One of the 

explanations is low Amh transcript in the ovary (Figure 4 F). Indeed, AMH is secreted by the 

GC of the advanced stages of folliculogenesis and inhibits follicle transition. Low AMH could 

remove the negative feedback exerted by GC leading to an excessive folliculogenesis. 

Exploration of the inflammatory profile in the ovary by RT-qPCR reveal an exaggerated 

response to gonadotropins by an excessive accumulation of transcripts of Pedf (pigment 

epithelium-derived factor) and Vegf (vascular endothelial growth factor) and a decrease of 

sIl6r! (Soluble IL-6 receptor alpha) (Wei et al., 2013) in Lxr!-/-;Lxr"-/- mice. The profile of 

Lxr!-/-;Lxr"-/-:AMH-Lxr" mice seems identical to wild type mice.  



Figure 3. LXR! regulates the endocrine activity of the ovary. 
A.  Schematic representation of steroidogenesis in the granulosa and theca cells. 
B.  The relative accumulation of mRNA of genes coding the the steroidogenic enzymes in 

the 8-10 month-old ovary samples (n =5-10) of 8-10 month-old wild-type (white bars), 
Lxr!"/";Lxr#"/" (black bars), and Lxr!"/";Lxr#"/":AMH-Lxr# (gray bars) ovary 
samples (n =5-10) quantified by RT-qPCR.  

C.  Plasma FSH and LH concentrations for the three respective mouse strains. Results 
expressed as % of the wild type levels. 

D.  The relative accumulation of mRNA of genes coding the gonadotropin receptors in the 
8-10 month-old wild-type (white bars), Lxr!"/";Lxr#"/" (black bars), and Lxr!"/
";Lxr#"/":AMH-Lxr# (gray bars) ovary samples (n =5-10) of the three respective 
mouse strains quantified by RT-qPCR.  

E.  The relative accumulation of mRNA of aromatase and oestrogen receptor ! in the 8-10 
month-old ovary samples (n =5-10) of the three respective mouse strains quantified by 
RT-qPCR.  

The data are expressed as the means ± SEM. Statistical analysis: ***, P < .001, compared 
with the wild-type mice. 
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Overall, Lxr!-/-;Lxr"-/-:AMH-Lxr" mice regain a normal ovarian morphology after the 

hormonal stimulation. LXR! in the GC prevents excessive defective oogenesis, restores 

normal ovulation and inhibits an excessive inflammatory response. Thus, LXR! is a 

gatekeeper against OHSS.  

 

5) LXR! expression and activity are downregulated in the granulosa lutein cells of 

women at high risk for OHSS. 

To explore the role of LXR in the development of OHSS in women, we analysed the 

expression of LXRs and their target genes in the granulosa lutein cells of women at high risk 

for OHSS (10 patients). Briefly, granulosa lutein cells of women who underwent controlled 

hormonal stimulation for medically assisted procreation were collected for molecular 

analyses. LXR" and less significantly LXR! transcript levels were reduced in women with 

high number of oocytes (high risk of OHSS).  
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Figure 4. LXR! expression in the granulosa cells prevents ovarian hyperstimulation. 
A.  Ovary weight (mg) in the 8-10 month-old wild-type (white bars), Lxr!#/#;Lxr"#/# 

(black bars), and Lxr!#/#;Lxr"#/#:AMH-Lxr" (gray bars) (n = 40 per group) after 
hormonal hyperstimulation (PMSG then hCG).  

B.  H/E of ovarian sections of the three strains demonstrating normal wild-type and Lxr!#/
#;Lxr"#/#:AMH-Lxr" mice) vs exaggerated response to gonadotropins (Lxr!#/#;Lxr"
#/# mice).  

C.  The mean number of haemorrhagic follicles in the ovaries (n=10/group) of the three 
strains after the hormonal hyperstimulation.   

D.  The relative accumulation of mRNA of the gene coding antimullerian hormone in the 
ovary of the 3 strains, quantified by RT-qPCR.  

E.  The relative accumulation of mRNA of the genes coding inflammatory cytokines 
involved in the ovarian hyperstimulation syndrome, quantified by RT-qPCR.  

The data are expressed as the means ± SEM. Statistical analysis: ***, P < .001, compared 
with the wild-type mice. 
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Figure 5. LXR expression and activity are downregulated in the granulosa lutein cells 
of women at high risk for OHSS.  
A.  The relative accumulation of mRNA of genes coding LXR! and LXR" hormone in the 

granulosa cells of women undergone ovarian stimulation during medically assisted 
procreation, quantified by RT-qPCR. Comparison between women with (>15 oocytes) 
or without (<15 oocytes) exaggerated ovarian response to gonadotropins. 

The data are expressed as the means ± SEM. Statistical analysis: ***, P < .001, compared 
with the wild-type mice. 
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DISCUSSION 

In this article, we analysed a new mouse strain re-expressing LXR! specifically in the 

granulosa cells in Lxr!-/-;Lxr"-/- background. Herein, we demonstrate the pivotal role of 

LXR! in the regulation of the GC physiology and impact the ovarian function as whole. It is 

necessary for normal follicle maturation and oocyte survival, ovulation and steroid synthesis. 

Moreover, LXR! prevents OHSS development in our mouse model. Furthermore, we 

demonstrate that women at high risk for OHSS have lower LXR expression and activity. 

This study was motivated by the increasing body of literature describing novel biological 

roles of LXRs in the regulation of steroid synthesis and inflammation, two processes 

necessary for follicle maturation and ovulation (Cummins et al., 2006; Joseph et al., 2003; 

Maqdasy et al., 2015; Mouzat et al., 2013, 2009; David H Volle et al., 2007). 

Both LXR ! and " are expressed in the cumulus and oocytes of mice with the 

predominance of beta isoform (Steffensen et al., 2006). Nevertheless, it was not known 

whether LXR in the GC or oocytes is the master regulator of oocyte maturation. Indeed, the 

GC are the nursing niche supporting growth and maturation of the oocytes and permitting the 

effect of gonadotropins on oocyte meiosis resumption and ovulation. Steffensen et al. 

demonstrated that LXR activation by GW3965 induced meiosis resumption only in naked 

oocytes in vitro. This remains controversial, as Grøndahl et al. did not identify this effect. 

Indeed, they treated oocytes with different oxysterols including FF-MAS, and only FF-MAS 

induced oocyte meiosis resumption. Our results minimize the effect of oocyte-related LXR 

and guide the scoop on the GC-LXR. We identify LXR in the GC as necessary for oocyte 

survival and maturation, thus, important for normal fertility. Indeed, LXR could be the 

intermediate to modulate FSH effects on oocyte maturation and survival. This is supported by 

the evidence that FSH activates Lxr! and Abca1 in oocyte-cumulus complex retrieved from 

wild type ovaries, and that meiosis resumption with FSH stimulation is abolished in Lxr!-/-

;Lxr"-/- mice (Steffensen et al., 2006). We demonstrate that most of the paracrine factors 

originating from the GC in the Lxr!-/-;Lxr"-/- mice are deregulated even post gonadotropin 

stimulation confirming this hypothesis. LXRs are thus necessary for FSH signaling in the 

ovary. 

Oocyte meiosis is greatly dependent on FF-MAS signaling and cholesterol levels. 

Defects in the accumulation of FF-MAS under FSH stimulation (Grøndahl, 2008; Leonardsen 

et al., 2000) or abnormal free cholesterol levels (Yesilaltay et al., 2014) could be present in 

Lxr!-/-;Lxr"-/-  mice, as LXR target genes implicated in cholesterol and fatty acid 

metabolism are disturbed.  



Thus, our results identify LXR in the GC as the mediator of the effect of FSH and 

oxysterols on oocyte maturation (Yding Andersen et al., 1999). 

Beyond oocyte maturation, Lxr!-/-;Lxr"-/- mice have ovulatory defects. Nevertheless, 

they seem to be late. This is supported by the reduction of the number of corpora lutea in the 

ovaries of these mice. Indeed, ovulation is a pro-inflammatory process stimulated by 

gonadotropin surge in mid-cycle on the cumulus cells leading to the rupture of the mature 

follicle (Smolikova et al., 2012). We found that mRNA abundance of Lrh-1, Ptgs2 (Cox2) and 

Tnfaip6 (granulosa cell specific markers) to be substantially deregulated in Lxr!-/-;Lxr"-/- 

mice and normalised in Lxr!-/-;Lxr"-/-:AMH-Lxr" mice. This reveals a potential mechanism 

for failure of cumulus expansion (Duggavathi et al., 2008; Lim et al., 1997). Inversely, 

ovulation will be associated with an excessive inflammatory response and haemorrhage in the 

absence of LXR. This is in line with the role of LXRs as anti-inflammatory receptors (Joseph 

et al., 2003). 

The ovary synthesizes steroid hormones from cholesterol, which is delivered by SR-

BI. TC synthesize androgens under the influence of LH that stimulates CYP11A1, HSD3B2 

and CYP17. The androgens diffuse to the GC to be aromatised to estradiol by CYP19, which 

is drived by FSH. Estradiol synthesis is thus a coordinated process employing a paracrine 

dialogue between the GC and theca cells from one side, and the gonadotropin secretion from 

the pituitary gland on the other side. Enhanced estradiol is associated with lower LH and FSH 

levels blocking follicle growth, cumulus expansion and ovulation. In the absence of LXR, 

estradiol concentrations are supposed to be increased. Thus, LXRs in the GC seem to be a 

gatekeeper against uncontrolled steroidogenesis. This should be confirmed by the 

measurement of E2 levels in the plasma and the ovary. 

Ovulation is an inflammatory reaction (Richards et al., 2008). OHSS is characterized 

by an exaggerated response to gonadotropins with ovarian enlargement, massive 

inflammatory reaction and increased capillary permeability leading to life threatening 

complications (Humaidan et al., 2010). Indeed, many studies demonstrated the implication of 

the inflammatory, angiogenic and anti-angiogenic factors such as interleukins, VEGF and 

PEDF in the physiopathology of OHSS (Artini et al., 2002; Bar-Joseph et al., 2016; Chen et 

al., 2000; Chuderland et al., 2013; Miller et al., 2015; Wei et al., 2013). Although, VEGF 

levels and increased IL-6 signaling are linked to OHSS, no molecular driver is yet identified. 

Indeed, VEGF increment and vascular permeability is the main manifestation of OHSS. As 

LXRs are suggested anti-inflammatory receptors and inhibitors of the downstream of VEGF 

signaling, they are potentially implicated in the prevention of OHSS (Beyer et al., 2015; 



Joseph et al., 2003; Noghero et al., 2012; Nunomura et al., 2015). Moreover, most of these 

cytokines originate from the GC in the ovary, suggesting a premium role of these cells in the 

physiopathology of OHSS. We have previously demonstrated that Lxr!-/-;Lxr"-/- mice 

develop OHSS. Herein, we demonstrate that GC is the central figure in the physiopathology 

of OHSS. Re-expression of LXR! in this compartment prevents OHSS development and 

restores the ovarian response to gonadotropins. LXR! regulates the secretion of the 

inflammatory cytokines from GC. These cytokines will influence the endothelial cells 

increasing vascular permeability of the interstitial compartment. It has recently been reported 

that IL-6 is not the major player in OHSS physiopathology and the IL-6 trans-signaling 

through soluble 1L-6 receptor (sIL-6R") which is expressed in the GC, stimulated by 

gonadotropins and modulates VEGF secretion (Wei et al., 2013). Our mouse model supports 

these data, as sIL-6R" mRNA levels are increased in Lxr!-/-;Lxr"-/- mice and persist after 

hormonal stimulation. This is associated with an excessive Vegf transcription after 

gonadotropin stimulation. Besides, sIL-6R" is a marker of GC apoptosis (Maeda et al., 2007). 

Thus, high basal sIL-6R" mRNA levels could point out a higher number of apoptotic GC in 

Lxr!-/-;Lxr"-/- mice. The latter could participate in the defects of oocyte maturation and 

ovulation.  

Female reproduction is a complex process, largely affected by the weight variations 

and the rate of metabolism which are altered in Lxr!-/-;Lxr"-/- mice. Besides, they are 

characterized by myometrial dystocia and placenta anomalies. All these factors could affect 

the fertility in these mice. Nevertheless, these anomalies are minimal as they are presumed to 

persist in Lxr!-/-;Lxr"-/-:AMH-Lxr" mice. 

In conclusion, these results demonstrate that LXR in the GC is a pleiotropic regulator 

of multiple mechanisms essential for follicle maturation, oocyte survival and for controlled 

ovulation. LXR is therefore a potential target to regulate female fertility and to prevent OHSS. 
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A B S T R A C T

Liver X receptors (LXRs) α and β are nuclear receptors whose transcriptional activity is regu-
lated by oxysterols, the oxidized forms of cholesterol. Described in the late 1990s as lipid
sensors, both LXRs regulate cholesterol and fatty acid homeostasis. Over the years, deep
phenotypic analyses of mouse models deficient for LXRα and/or LXRβ have pointed out
various other physiological functions including glucose homeostasis, immunology, and
neuroprotection. This review enlightens the “endocrine” functions of LXRs; they deeply impact
plasma glucose directly and bymodulating insulin signaling, renin–angiotensin–aldosterone
axis, thyroid and pituitary hormone levels, and bone homeostasis. Besides, LXR signaling
is also involved in adrenal physiology, steroid synthesis, and male and female reproduc-
tion. Hence, LXRs are definitely involved in the endocrine system and could thus be
considered as endocrine receptors, even though oxysterols do not fully correspond to the
definition of hormones. Finally, because they are ligand-regulated transcription factors, LXRs
are potential pharmacological targets with promising beneficial metabolic effects.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The Liver X Receptors (LXRs), LXRα (NR1H3) and LXRβ
(NR1H2), have been the goal of many researches for the last
two decades. The first physiology studies independently done
in Mangelsdorf’s and Gustafsson’s groups pointed out the
crucial role of these nuclear receptors in the homeostasis
of liver cholesterol (Alberti et al., 2001; Peet et al., 1998b).
Firstly described as orphan nuclear receptors, oxidized de-
rivatives of cholesterol, named oxysterols, were confirmed
to be their bona fide ligands (Janowski et al., 1996, 1999).
Phenotypic analyses of engineered Lxr-deficient mice have
definitely confirmed that LXRs are the drivers of various
pathways implicated in lipid metabolism, glucose homeo-
stasis, immunology, cell cycle control and neuroprotection.
Altogether, their tight “repercussions” in many processes
have suggested that they could be pharmacologically tar-
geted in pathologies such as atherosclerosis, diabetes, cancer,
auto immune and neurological diseases (for review, see
Tontonoz and Mangelsdorf, 2003; Viennois et al., 2011). In
this review we will point out LXRs as major actors in the
endocrine system andmodulators of various hormone levels,
with a special focus on the gonads. Even though their ligands
do not fully correspond to the definition of hormones, we
suggest considering LXRs as endocrine receptors.

2. LXRs at a glance

The nuclear receptors have constituted the central figure
in endocrinology for many years, as steroids and hor-
mones exert their biological activities via many members
of this superfamily: glucocorticoid (GR, NR3C1), mineralo-
corticoid (MR, NR3C2), estrogen (ERα/β, NR3A1/2), androgen
(AR, NR3C4), thyroid (TR, NR1A1/2) and vitamin D (VDR,
NR1I2) receptors. LXRs have been considered by some groups
as part of the steroid receptors as they bind the oxidized
forms of cholesterol, named oxysterols. Beside the four rec-

ognized domains usually found in the nuclear receptors, the
hallmark of this type of receptor is the presence of a DNA-
binding domain. The latter is composed of two zinc fingers
that mediate specific nucleic acid sequence recognition in-
volved in the regulation of the promoter activities of target
genes (Fig. 1). On the carboxy terminal part, a hydropho-
bic pocket determines the selectivity for the ligand and is
also involved in the binding to co-activators.

2.1. LXRs: two regulated transcription factors

Human LXRα and LXRβ are respectively composed of 447
and 460 amino acids (Peet et al., 1998a). Even though both
LXRs cannot be formally considered as true isoforms since
they are encoded by two distinct genes, they have a great
similarity with 77% of identity within their DNA- and ligand-
binding domains. Sequence specificities are found in the
amino-terminal domain as well as in the hinge domain (for
more details about LXRα/β sequence alignment, please refer
to Viennois et al., 2011).

Like many other nuclear receptors, LXRs form obligato-
ry heterodimers with the nuclear receptors for 9-cis retinoic
acid, the retinoid X receptors (RXRs or NR2B1-3) (Peet et al.,
1998a) in their canonical functioning (i.e. as oxysterol re-
ceptors). This heterodimer is fixed on a canonical DNA
sequence named DR4 and composed of two cores of
“AGGTCA” sequence separated by 4 nucleotides (Willy et al.,
1995). In the absence of the ligand, their transcriptional ac-
tivity is inhibited by corepressors’ recruitment, which blocks
the activation domain of the receptor (Fig. 2).

When bound to an oxysterol and/or 9-cis retinoic acid,
allosteric changes occur within the heterodimer allowing
the release of corepressors, interaction with coactivators and
finally activation of transcription of the target genes
(El-Hajjaji et al., 2011; Lobaccaro et al., 2001; Peet et al.,
1998a). Conversely to steroids, which bind their respec-
tive receptors with a range affinity of pM to nM, oxysterols

Fig. 1. Schematic representation of LXRα/β structure. The 4 domains are represented and the main functions indicated. Scale is not representative.
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bind LXRs with a relatively low affinity (μM). As indicated
above, oxysterols are the natural ligands of LXRs. Accord-
ing the tissues and the synthesizing enzymes, various
oxysterols could activate LXRs such as 20(S), 24(S), 22(R),
24(R), 27-hydroxycholesterol or 24,25-epoxycholesterol
(Björkhem, 2002; Huang, 2014; Janowski et al., 1996;
Schroepfer, 2000; Viennois et al., 2012b). For many years
LXRβ has been considered as ubiquitously expressed while
LXRαwas supposed to be restricted to tissues with an active
lipid metabolism (Annicotte et al., 2004; Peet et al., 1998a).
In fact, this tissue distribution has been a source of con-
troversy as this was mainly based on northern blot analyses.
It is now admitted that all cells may express both isoforms.
For more information see www.nursa.org.

Besides oxysterol activation, it should be noted that LXRα
and LXRβ transcriptional activity could also be modulated
by protein kinase A (PKA) and regulate the transcription of
renin encoding gene. In this configuration, LXRα or LXRβ
binds DNA as a monomer on a specific overlapping cAMP
response element and a negative response element known
as CNRE (Morello et al., 2005).

2.2. LXRs: sensors of lipid metabolism

Intracellular cholesterol levels are regulated by very sen-
sible feedback mechanisms (Eberlé et al., 2004; Nohturfft
et al., 1999; Peet et al., 1998a; Weber et al., 2004). Cellular
regulation of lipid concentrations is mostly achieved by tran-
scription factors that control the expression of genes
implicated in cholesterol/fatty acid de novo synthesis, trans-
port, excretion and bile acid synthesis (Bantubungi et al.,
2012; Horton et al., 1998; Hua et al., 1995; Luo and Tall,
2000; Peet et al., 1998b; Schultz et al., 2000; Streicher et al.,
1996; Zhang et al., 2001).

Liver and intestine are the major sites of lipid homeo-
stasis control where LXRs exert their effects (Brown and
Goldstein, 1997). LXRs were initially described to regulate
cholesterol transport, elimination and lipogenesis. Hence,

LXRα was first involved in bile acid synthesis and choles-
terol excretion by regulation of hepatic cholesterol 7α-
hydroxylase Cyp7α1 (Peet et al., 1998b). Later on, LXRs were
described to regulate reverse cholesterol transport through
ATP-binding cassette (ABCs) encoding genes (Abca1, Abcg1,
Abcg4, Abcg5, Abcg8) (Engel et al., 2001; Kennedy et al., 2001;
Repa and Mangelsdorf, 2002; Repa et al., 2000b; Schwartz
et al., 2000; Venkateswaran et al., 2000; Yu et al., 2003).
Indeed, they protect cells from increased intra cellular cho-
lesterol levels (Korach-André et al., 2011a, 2011b). Once
cholesterol levels increase, their oxidized forms activate LXRs
to mediate cholesterol efflux from the cells by increasing
the membrane transporters ABCs (Fig. 3). LXRs also repress
the levels of Enolase, a glycolytic enzyme known to inhibit
cholesteryl ester hydrolase (CEHs), whichmay promote cho-
lesterol mobilization for subsequent efflux (De Boussac et al.,
2015).

In an LXR-dependent mechanism, cholesterol is cap-
tured by high density lipoproteins (HDL) thanks to
apolipoproteins ApoA1, ApoC1 and ApoE, serving as a shuttle
for the reverse transport to the liver (Rader and Hovingh,
2014). Moreover, LXRs block cellular cholesterol uptakewhen
they are saturated, by increasing low density lipoprotein
(LDL) receptor (LDLR) degradation through IDOL (induc-
ible degrader of the LDLR) transcription (Zelcer et al., 2009).
Moreover, many other genes implicated in lipid homeosta-
sis have been identified as direct or indirect LXR target genes:
acyl-CoA carboxylase, cholesteryl ester transfer protein CETP
(Luo and Tall, 2000), lipoprotein lipase LPL (Zhang et al.,
2001), HDL-receptor SRBI (Malerød et al., 2002), phospho-
lipid transfer protein (PLTP) and various apolipoproteins
(ApoE and C) (Laffitte et al., 2001; Mak et al., 2002). Thus,
besides their hypocholesterolemic action at various stages,
they regulate reverse cholesterol transport to the liver and
increase cholesterol excretion in intestine as bile acids. As
a demonstration, Lxrα-/- mice fed a fat diet (Peet et al.,
1998b) develop hepatic steatosis, cholesterol accumula-
tion in foam cells (Tangirala et al., 2002; Teupser et al., 2008;

Fig. 2. Schematic representation of LXRα/β functioning as a heterodimer with the retinoid X receptor (RXR). In absence of ligand, a co-repressor binds
the heterodimer and blocks its transcriptional activity. Upon binding either RXR (9-cis retinoic acid) or LXR (oxysterol) ligand, the co-repressor leaves the
heterodimer and a co-activator is recruited, activating the transcription of the target gene.
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Yasuda et al., 2010) and in other peripheral tissues like brain
and steroidogenic tissues (Cummins et al., 2006; Volle et al.,
2007; Wang et al., 2002). These crucial roles make them po-
tential actors in the physiopathology of atherosclerosis and
metabolic syndrome. Nevertheless, LXRs are lipogenic factors
regulating fatty acid synthesis by the modulation of sterol
response element binding protein (SREBP) 1c (Repa et al.,
2000a), and its target genes fatty acid synthase (FASN) (Tobin
et al., 2002) and stearoyl-CoA desaturase (SCD-1) (Chu et al.,
2006). LXR activation thus leads to hypertriglyceridemia of
hepatic origin (very low density lipoprotein (VLDL)
secretion).

In intestine, enterocytes express LDLR, ABCA1 in the basal
side and ABCA1, ABCG5, ABCG8 and Niemann–Pick C1-
like 1 protein (NPC1L1) in the luminal side of their
membranes (Altmann et al., 2004; Temel and Brown, 2012;
Yu et al., 2002). NPC1L1 mediates cholesterol absorption
from the intestinal lumen. Induction of LXRs by oxysterols
blocks cholesterol absorption from the diet by decreasing
NPC1L1 levels and transfers the absorbed one by ABCA1 to
HDL particles (Hu et al., 2012). On the other side, LXR ac-
tivation leads to increased fecal excretion of sterols via
ABCG5/ABCG8 complex activation. The final balance is the
increase of cholesterol excretion andHDL formation (Lo Sasso
et al., 2010).

On a therapeutic level, many drugs are used to treat
dyslipidemia. 3-Hydroxy-3-methylglutaryl-coenzyme A
(HMGCoA) reductase inhibitors statins act on SREBP pathway
inhibiting de novo cholesterol synthesis (Chasman et al.,
2012), while ezetimibe blocks intestinal NPC1L1 and in-
hibits dietary cholesterol absorption (Hiramitsu et al., 2010;
Rizzo et al., 2009), while fibrates by acting through the per-

oxisome proliferator-activated receptor PPARα (NR1C1)
(McCullough et al., 2011) are used for hypertriglyceridemia.
In many cases, these drugs are not well tolerated or unable
to obtain hopeful results. It is thus necessary to identify new
drugs targeting other cholesterol lowering pathways. LXRs
are good pharmacological targets as they can act on differ-
ent sites by increasing its transformation into bile acids,
decreasing intestinal absorption, favoring reverse trans-
port (HDL), and preventing its accumulation in the peripheral
tissues, especially in macrophages and arterial wall
(Brunham et al., 2006; Tangirala et al., 2002). For an over-
view of LXR activity in cholesterol homeostasis, see Fig. 3.
T0901317 and GW3965 are two “pan-LXR” agonists widely
used in the research fields (Collins et al., 2002; Repa et al.,
2000b). Both of them demonstrated an efficient anti-
atherogenic effect, associated with decreased LDL and
increased HDL levels in mouse models of atherosclerosis
(ApoE-/- and Ldlr-/- mice) (Chen et al., 2012; Joseph et al.,
2002; Kratzer et al., 2009).

The putative beneficial effects are however counter-
acted by the fact that LXRα activation induces
hypertriglyceridemia (Joseph and Tontonoz, 2003). Some
clinical trials used other LXR agonists, but unfortunately they
were interrupted because of neurological side effects. Tran-
sient hypertriglyceridemia and hepatic steatosis were also
observed during these trials (DiBlasio-Smith et al., 2008; Katz
et al., 2009). GW6340 is an interesting specific analogue that
acts specifically at intestinal level, increasing sterol excre-
tion in the feces and HDL levels in the blood (Yasuda et al.,
2010). GW6340 could thus represent a good leading mol-
ecule to develop a cholesterol-lowering drug with fewer
systemic effects. Likewise, LXRβ agonists might overcome

Fig. 3. Cholesterol metabolism and RXR/LXR activity. For more details see the text. ABC, ATP-binding cassette; Apo, apolipoprotein; CE, cholesteryl ester;
CETP, cholesteryl ester transfer protein; Cyp7α1, cholesterol 7α hydroxylase; HDL, high density lipoprotein; LDL, low density lipoprotein; LCAT, lecithin
cholesterol acyl transferase; LDLR, LDL receptor; VLDL, very low density lipoprotein; SRB1, scavenger receptor class B member 1.
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hepatic lipogenesis (Griffett et al., 2013; Ratni et al., 2009).
This selectivity is difficult to be challenged owing to the sim-
ilarity of the ligand-binding domain in both isoforms
(Svensson et al., 2003). Otherwise, tissue selective drugs
acting on macrophages or intestine might increase HDL
levels activating reverse cholesterol transport, and improve
its elimination.

Thus, research is currently directed toward selective ago-
nists targeting either of isoforms with selective organ effects
(Viennois et al., 2012b), and the discovery and test of spe-
cific LXRmodulators.We previously defined thesemolecules
as SLiMs, for selective liver X receptor modulators (Viennois
et al., 2012b).

3. Are LXRα and LXRβ really endocrine receptors?

Originally defined by Bayliss and Starling in 1902, en-
docrinology implied that a “hormone is produced by a well-
defined organ, directly released in small amounts in blood
circulation to target a distant organ and to exert its specif-
ic function”. Based on that, hormoneswere clustered in three
groups (Griffin and Ojeda, 2000): amines (catecholamines),
peptides (insulin, glucagon, Ghrelin, leptin…) and lipids (ste-
roids). Some nuclear receptors have been considered as
endocrine receptors as they were interacting with ste-
roids, while the new “orphan receptors” such as LXRα and
LXRβ (see chapter 2) were not taken in consideration, despite
the fact that their bona fide ligands weremostly derived from
cholesterol, as the other steroids. Deep phenotypic analy-
sis of the mice lacking either LXRα or LXRβ definitively
demonstrates their importance to regulate the endocrine
system.

3.1. Insulin-glucose axis

Diabetes mellitus affects a large group of population and
is considered as an epidemic disease in the Westernized
countries (Rankinen et al., 2015). Insulin resistance and/or
insulinopenia leading to chronic hyperglycemia are the hall-
marks of this pathology. Besides, low-grade inflammation
is a systemic phenomenon in type 2 diabetes increasing
insulin resistance (Grimble, 2002). This type of diabetes is
the predominant form in obese patients with a genetic pre-
disposition (Halban et al., 2014; Meigs et al., 2000). It
represents the major component of metabolic syndrome.
Original molecules to treat diabetes other than the classi-
cal drugs promoting insulin secretion or sensitization are
becoming indispensable to manage diabetic patients. Liver,
pancreas, muscles and adipose tissue are the main organs
implicated in glucose homeostasis. LXRs interfere in each
organ to promote a normoglycemic effect and prevent
diabetes.

3.1.1. In the liver
Hepatic glycogenolysis and gluconeogenesis are themajor

sources of plasma glucose besides alimentary carbohy-
drates (for review, see Newsholme et al., 2014). During
fasting, increased glucagon and insulin resistance acceler-
ate these two processes leading to hyperglycemia. LXRs,
especially alpha isoform, seem to be a potential inhibitor
of gluconeogenesis, by downregulating phosphoenolpyru-

vate carboxykinase (PEPCK) and glucose-6-phosphatase (G-
6Pase), major determinants of hepatic glucose production
(Bécard et al., 2001; Cao et al., 2003; Chakravarty et al., 2001;
Laffitte et al., 2003; Stulnig et al., 2002b). This effect is in-
direct, via the activation of SREBP1c and PPARγ coactivator-1
alpha (PGC-1α) (Commerford et al., 2007; Puigserver et al.,
2003) (Fig. 4). LXR activation has an effect similar to insulin
action on the liver, as the principal mechanism of insulin
action on the liver is SREBP-1c activation (Horton et al.,
1998). Furthermore, T0901317 and GW3965, two already
presented potent synthetic analogues of LXRs (Schultz et al.,
2000), improve insulin sensitivity by downregulation of the
gluconeogenesis and upregulation of glucose uptake genes
in mouse models of obesity/insulin resistance.

Indeed, a positive correlation has also been pointed out
between LXRβ expression and the degree of lipid accumu-
lation, inflammation and fibrosis in the liver of patients with
non-alcoholic fatty liver and non-alcoholic steato-hepatitis
(NASH) (Ahn et al., 2014), which are common complica-
tions of diabetes. This could be a compensatory mechanism
to reduce inflammation in the liver rather than a cause of
NASH and argues the relationship between LXR and dia-
betes in humans.

3.1.2. In the pancreas
LXRα and LXRβ are expressed in both rodent and human

insulin and glucagon-secreting cells (Annicotte et al., 2004;
Efanov et al., 2004). In vitro studies show that T0901317 in-
creases glucose-dependent insulin secretion (Efanov et al.,
2004) by beta cells of islets of Langerhans. LXRs also mimic
the effects of hyperglycemia on the pancreatic beta cells in
terms of proinsulin synthesis stimulation (Alarcon et al.,
2002) (Fig. 4). LXRβ-deficient mice are thus lean and dia-
betic due to insulinopenia rather than insulinoresistance
(Gabbi et al., 2009; Gerin et al., 2005; Zitzer et al., 2006).
However, LXRs are lipogenic and their chronic activation
leads to elevation of Srebp1c levels, free fatty acid accumu-
lation, and hypertriglyceridemia, which could cause β cell
dysfunction and cytotoxicity (Diraison et al., 2004; Schultz
et al., 2000; Wang et al., 2003). This negative effect could
be reduced by using LXRβ- or organ-specific ligands.

3.1.3. In other tissues
Adipose tissue and muscles are primordial for glucose

uptake and metabolism (Leney and Tavaré, 2009). When re-
sistant to insulin, they participate in hyperglycemia and
diabetes, and induce further insulin resistance participat-
ing in a vicious circle responsible for weight gain and
decreased insulin secretion by beta cells (Bensellam et al.,
2012). Insulin-induced glucose uptake is mediated princi-
pally by the glucose transporter (GLUT) 4 (Stenbit et al.,
1997; Tozzo et al., 1997), an LXR-target gene in mouse and
human (Dalen et al., 2003; Laffitte et al., 2003). GLUT4 is
targeted by LXRs in white adipose tissue of mice and cul-
tured human adipocytes (Commerford et al., 2007; Fletcher
et al., 2014; Grefhorst et al., 2005; Laffitte et al., 2003; Ross
et al., 2002). Furthermore, correlations between ABCA1 and
GLUT4 expressionwere identified in adipocytes (Le Lay et al.,
2001). LXR activation also improves inflammation-induced
insulin resistance, promoting insulin signaling and glucose
uptake by peripheral tissues (Fernández-Veledo et al., 2006).
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Administration of a synthetic LXR agonist, GW3965, nor-
malizes plasma glucose levels in mouse models of insulin
resistance (db/db or ob/ob mice) and high fat fed rats but
had no effect on non-diabetic models (Laffitte et al., 2003;
Liu et al., 2006). Nevertheless, LXR activation of GLUT4 seems
to be limited to adipose tissue, and no effect is observed in
skeletal muscles of rodents (Commerford et al., 2007; Laffitte
et al., 2003). Interestingly, T0901317 seems to have some
beneficial effects on myotubules of diabetic patients
(Fernández-Veledo et al., 2008; Kase et al., 2005, 2007). Like-
wise, Baranowski et al. found that administration of
T0901317 to high-fat fed rats improved whole body insulin
sensitivity as well as insulin-stimulated glucose uptake in
isolated soleus muscle (Baranowski et al., 2014).

Moreover, insulin-mediated glucose clearance by pe-
ripheral tissues seems to be improved in high fat fed mice
under hyperinsulinic and LXR activating treatment, inde-
pendently from glucose production by the liver. Nevertheless,
others showed a decreased liver production of glucose under
the effect of LXR agonists, without any impact on the pe-
ripheral tissues (Commerford et al., 2007).

Collectively, a coordinated response in both liver and
adipose tissue in profit of hypoglycemic balance is docu-
mented (Laffitte et al., 2003). Besides, LXRs are presumed
to have a key role to reverse endothelial dysfunction, re-
ducing potential diabetic complications (Hazra et al., 2012)
(Fig. 4).

In humans, study of subcutaneous and omental adipose
tissue expression of different lipid genes in women with
obesity and gestational diabetes mellitus compared to lean

women demonstrated reduced expression levels of LXRα and
SREBP1c, especially in the subcutaneous tissue (Lappas,
2014). This confirms that LXR expression levels and tran-
scription activity are deregulated in the context of insulin
resistance. Moreover, a single nucleotide polymorphism
(rs17373080) on LXRβ human gene has also been corre-
lated to type 2 diabetes, metabolic syndrome and obesity
(Dahlman et al., 2006, 2009; Legry et al., 2008; Solaas et al.,
2010).

Altogether, even characterized by a lipogenic effect, tar-
geting LXRs seems interesting in themanagement of diabetes
through their activity on insulin secretion, reduced hepatic
glucose production and improve peripheral insulin sensi-
tivity. New SLiMs could thus be of interest as LXRs counteract
diabetes-associated symptoms in mouse models (Mraz and
Haluzik, 2014; Spillmann et al., 2014).

3.2. LXRs and thyroid hormones

Although LXRs and TR belong to two distinct sub-
groups of nuclear receptors, they share DR4 DNA-binding
sites and many target genes that could explain convergen-
ces between the pathways regulated by oxysterols and
thyroid hormones (Berkenstam et al., 2004). This phenom-
enon is observed in the human deiodinase-1 (DIO-1) (Zhang
et al., 1998) or carbohydrate-responsive element-binding
protein (ChREBP) promoter regulation (Gauthier et al., 2010).

Studies showed a direct effect of one receptor on the
other; hence, T3 hormone up-regulates Lxrα but not Lxrβ
mRNA levels in mice (Hashimoto et al., 2007). This effect

Fig. 4. LXRs regulate glucose homeostasis and insulin sensitivity. FBP-1, Fructose 1,6 biphosphatase-1; GLUT, glucose transporter; G-6pase, Glucose-6-
phosphatase; HSD, hydroxysteroid dehydrogenase; PGC-1α, PPARγ coactivator-1α; PEPCK, phosphoenolpyruvate carboxykinase; SREBP1c, sterol regulatory
element-binding protein-1c.
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is mediated through TRβ1, which could explain part of the
hypocholesterolemic effects of thyroid hormones. Converse-
ly, T0901317 decreases T3/T4 ratio in the plasma of rats with
a significant reduction of T3 levels, associated with a re-
duction of DIO-1 and DIO-2 mRNA levels in the liver and
thyroid gland, respectively, while Srebp1c is markedly in-
creased in thyroid, suggesting a probable lipid accumulation
(Davies et al., 2008). Nevertheless, thyroid-stimulating
hormone (TSH) levels remain normal, suggesting an exces-
sive T3 degradation.

Hyperthyroidism has a lipolytic effect, decreasing LDL and
increasing HDL levels (Duntas, 2002), while hypothyroid-
ism is a cause of secondary dyslipidemia (Duntas and Brenta,
2012). These effects are explained by the direct regulation
of different genes implicated in lipid metabolism by TRs
(Lazar, 2003), such as Cyp7α1, Srebp2, Abca1, Acc1, Chrebp
and Ldlr (Drover and Agellon, 2004; Huuskonen et al., 2004;
Mullur et al., 2014; Shin and Osborne, 2003), most of them
being either direct or indirect LXR targets.

Altogether, these studies demonstrate the overlap
between thyroid hormone homeostasis and LXRs to regu-
late lipid and carbohydrate metabolism.

3.3. LXRs and pituitary hormones

Pituitary gland is one of the master regulators of the en-
docrine system. LXRα seems to be the predominant isoform
in the pituitary gland. A specific variant of LXRβ has also
been isolated in the mouse pituitary gland but its exact role
is still unclear (Hashimoto et al., 2009). SREBP1c and FAS
are greatly increased in vivo after T0901317 treatment
(Davies et al., 2008). Furthermore, T0901317 increases
proopiomelanocortin (Pomc) mRNA accumulation and serum
corticosterone and adrenocorticotropin hormone (ACTH)
levels through LXRα activation (Matsumoto et al., 2009),
while LXRβ tends to repress Pomc expression (Hashimoto
et al., 2011). A non-significant effect is also observed on
growth hormone levels (Davies et al., 2008).

Apart from the direct effect of LXRs on POMC promo-
tor, an indirect effect was also revealed; LXRs negatively
regulate 11β-hydroxysteroid dehydrogenase type 1 (11βhsd1)
expression in the pituitary gland and adipose tissue (Stulnig
et al., 2002a), decreasing the active glucocorticoid levels in
the pituitary gland, and therefore, stimulating ACTH and cor-
ticosterone secretion (Nilsson et al., 2007). Unlike PPARγ,
which is clearly dominant in ACTH adenomas (Heaney et al.,
2002), there is no clear association between LXRs and pi-
tuitary tumors, even though an increased LXRα/LXRβmRNA
ratio has been described (Hashimoto et al., 2011).

Overall, LXRs could represent key players of the
hypothalamo–pituitary axis, and probably one of the bridges
connecting the neuroendocrine system with the metabol-
ic activity of the body.

3.4. LXRs and adrenal gland

Cholesterol homeostasis is primordial for adrenal gland
function, being the obligate precursor for steroid (miner-
alocorticoids, glucocorticoids, and androgens in humans)
synthesis (Jefcoate, 2002). Cholesterol is normally stored as
cholesteryl esters and it is mobilized in cases of stress to

be metabolized to glucocorticoids. If LXRα and LXRβ are ex-
pressed in the adrenal gland during embryonic life (Annicotte
et al., 2004), LXRα seems the dominant isoform in terms of
activity preventing free cholesterol accumulation. The latter
is performed by regulating genes involved in cholesterol
capture (LDLR, SRBI), efflux (ABCA1), storage (apoE), andme-
tabolism to steroids (steroidogenic acute regulatory protein,
StAR) (Cummins et al., 2006; Jefcoate, 2002; Kraemer, 2007).
Many of steroidogenic genes are transcriptional targets of
LXRs (Cummins et al., 2006). LXR agonist increases StAR and
the cholesterol side-chain cleavage enzyme (Cyp11A1)
(Cummins et al., 2006) as well as melanocortin-2 receptor
expression, suggesting LXR role in the direct synthesis of
glucocorticoids (Steffensen et al., 2004). But Lxrα;β-/- mice
have elevated Star, Cyp11A1 and 3β-hydroxysteroid dehy-
drogenase type 1 (3βhsd1) levels with increased
glucocorticoid concentrations in the blood. Therefore, LXRα
can be considered as a “safety valve” preventing basal ex-
cessive glucocorticoid synthesis. Furthermore, Lxrα;β-/- mice
exhibit adrenomegaly due to cholesteryl accumulation in
chronic dietary stress, with abolished Abca1 and cholester-
ol trafficking (Cummins et al., 2006), while no abnormality
is detected in the mineralocorticoid pathway. These results
support the role of LXR as an intermediate between corti-
sol levels and energy expenditure (Nilsson et al., 2007).

3.5. LXRs and bone homeostasis

Bone is a dynamic tissue with regular osteoblast and os-
teoclast activity promoting bone turn over. Osteoblasts
produce the receptor activator of nuclear factor κB ligand
(RANKL) regulating osteoclast activity that induces bone re-
sorption. On the other side, RANKL receptor, osteoprotegerin
(OPG), is produced by stromal cells and activates bone for-
mation by osteoblasts. RANKL/OPG ratio is primordial to
maintain a normal bone homeostasis and prevent osteo-
porosis. This system is affected by the inflammatory
cytokines (for review, see Walsh and Choi, 2014). Being
largely implicated in the regulation of the inflammatory
cytokines, LXRs could play a physiological role in bone ho-
meostasis. Co-culture systems of osteoblasts and osteoclasts
have shown that LXRs control the RANKL/OPG ratio (Kleyer
et al., 2012). A treatmentwith T0901317 or GW3965 strongly
reduces this ratio, directing the balance toward bone for-
mation and reducing osteoclast differentiation and activity
(Kim et al., 2013). More interestingly, ovariectomized mice
are protected from osteoporosis when LXRβ is activated, re-
ducing RANKL production by osteoblasts and blocking
osteoclast differentiation (Remen et al., 2011). This pathway
offers further opportunities to prevent and treat osteoporosis.

3.6. LXRs and the renin–angiotensin–aldosterone system

The renin–angiotensin–aldosterone system is primor-
dial for normal blood pressure maintenance. Renin is an
enzyme produced by the juxta-glomerular apparatus in
kidney that hydrolyses angiotensinogen to angiotensin I. An-
giotensin I is further activated into angiotensin 2 by
angiotensin-converting enzymes (ACE 1 and 2). Angioten-
sin 2 will later on activate the zona glomerulosa enzymes
in the adrenal gland to produce aldosterone from
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cholesterol. Aldosterone acts on renal tubules to increase
sodium and water retention, optimizing the intravascular
volume. Hyperaldosteronism is frequent and responsible for
secondary hypertension (Funder et al., 2008).

While protein kinase A (PKA) activates LXRα through
cAMP and consequently increases Renin accumulation, LXRβ
activity seems to be inhibited by cAMP. LXR-null mice have
a lower basal renin level, and do not show any regulation
of renin by cAMP nor any response to catecholamines
(Morello et al., 2005). Inversely, LXR activation by GW3965
in rats inhibits angiotensin receptor (ATR2) gene expres-
sion and blunts the vasopressor effects of angiotensin II.
Furthermore, LXRα activation reduces ACE and type 1 an-
giotensin II receptor (AT1R) mRNA levels. The same effects
could be observed in the vascular smooth muscle, prevent-
ing vasoconstrictive effects of angiotensin (Imayama et al.,
2008). LXR could also act on the epithelial sodium channel
(ENaC) levels in the collective ducts: T0901317 and GW3965
decrease ENaC mRNA levels in vitro, preventing sodium re-
absorption and hypertension. LXRs could thus block
aldosterone action in the collecting tubules (Kuipers et al.,
2010; Soodvilai et al., 2012). The peripheral negative effects
on ATR2, ACE, AT1R and ENaC could be a feedback mech-
anism to prevent the hypertensive effects of LXR mediated
by renin (Leik et al., 2007).

These findings open a new field of LXR-ligand screen-
ing to modulate blood pressure. Indeed ACE inhibitors,
angiotensin receptor and renin blockers are largely used in
the treatment of hypertension. Selective LXR blockers could
have an additional place. Conversely, few treatments exist
for hypotension, especially for postural hypotension. LXR se-
lective agonists, or renin activators, could be promising.
Finally, the identification of LXRα and LXRβ as regulators
of renin has important implications and could be a funda-
mental link between hypercholesterolemia, hypertension,
diabetes and cardiovascular diseases in metabolic pa-
tients (Daugherty et al., 2004).

3.7. LXRs and reproductive organs

3.7.1. LXRs in endocrine regulation of female reproduction

3.7.1.1. Ovarian physiology. Ovaries use cholesterol to
produce progesterone in granulosa cells and androgens in
theca cells, which will then be aromatized to estrogens in
granulosa cells. Many evidence support the importance of
cholesterol homeostasis in the ovarian physiology. Im-
paired cholesterol uptake due to SRBI receptor defects results
in reduced progesterone levels (Kolmakova et al., 2010;
Miettinen et al., 2001). Furthermore, Abca1-/- female mice
have defects in steroidogenesis and reduced fertility
(Christiansen-Weber et al., 2000). Moreover, Srb1-/- mice are
infertile with reduced cholesteryl ester levels in the ovary
and defects in embryogenesis (Trigatti et al., 1999). Yesilaltay
et al. have recently demonstrated that these mice have in-
creased free cholesterol levels, inducing the oocytes for
spontaneous meiosis resumption (Yesilaltay et al., 2014).
Indeed, free serum cholesterol levels are inversely corre-
lated to the duration to obtain a conception in couples
(Schisterman et al., 2014). Furthermore, others have

identified single nucleotide polymorphisms of sterol cleav-
age activating protein (SCAP), a protein necessary for SREBP2
activation, in infertile women (Yates et al., 2011). Besides,
some studies correlated oocyte quality to triglycerides and
polyunsaturated fatty acid concentrations in the ovary
(Jungheim et al., 2011; Robinson et al., 2002; Robker et al.,
2009). These evidence supported by animal and human
studies suggest that cholesterol homeostasis is crucial for
a normal ovary physiology.

LXRα and LXRβ are expressed in different stages of
murine follicle maturation (Mouzat et al., 2009) and fol-
licular fluid-meiosis activating sterol (FF-MAS) is the
predominant oxysterol activating LXR in the ovary (Janowski
et al., 1999). FF-MAS concentrations are largely increased
after follicle stimulating hormone (FSH) and luteinizing
hormone (LH) stimulation (Grøndahl, 2008; Leonardsen
et al., 2000). Furthermore, FF-MAS is responsible for oocyte
maturation and promotes embryo implantation (Marín
Bivens et al., 2004), probably through its receptor LXRα
(Janowski et al., 1996, 1999). As oocytes do not express FSH
receptors, it is suggested that LXRs are intermediates, traf-
ficking the signals generated by FSH induction of granulosa
cells during folliculogenesis toward oocytes, promoting
oocytemeiosis andmaturation. Indeed, Grondahl et al. tested
in vitro meiosis resumption in cumulus-enclosed oocytes
after treatment with FF-MAS, 22R-hydroxycholesterol, 16-
hydroxycholesterol, 25-hydroxycholesterol and 27-
hydroxycholesterol. They found that meiosis is only
influenced by FF-MAS (Grøndahl et al., 1998). Inversely,
Steffensen et al. demonstrated that zymosterol, GW3965 and
FSH initiate meiosis resumption in an LXR-dependant
pattern. Meiosis activation by FSH, zymosterol or GW3965
was abolished in cultured oocytes retrieved form Lxr-/- mice
(Steffensen et al., 2006). Furthermore, meiosis resumption
with FSH stimulation was associated with accumulation of
Lxrα and Abca1 mRNA (Steffensen et al., 2006). These evi-
dence support the role of LXRs in oocyte maturation during
folliculogenesis. In vivo, Stefensen et al. pointed out a
hypofertility in LXR-deficient mice with reduced number
of pups per litter (Steffensen et al., 2006). Inversely, under
gonadotropin stimulation, exaggerated folliculogenesis and
excessive ovulation but with a high percentage of atretic
oocytes is observed in Lxrα;-/- mice (Mouzat et al., 2009).
Thus, we showed that Lxrα;β-/- mice are at high risk of de-
veloping an ovarian hyperstimulation syndrome (OHSS) after
hormone induction (Mouzat et al., 2009). Indeed, OHSS is
a dangerous complication of hormonal stimulation for in
vitro fertilization and intracytoplasmic sperm injection, af-
fecting nearly 2–4% of these patients. It is characterized by
an acute, tremendous ovarian hypersensitivity to gonado-
tropins, leading to a high folliculogenesis and an elevated
serum estradiol, associated with increased vascular leakage
and marked inflammatory process. This syndrome is asso-
ciated with high mortality in these patients due to its
potential complications (Albert et al., 2002; Chuderland et al.,
2013; Rizk and Smitz, 1992; Soares et al., 2008). Lxrα;β-/-
mice present massive hemorrhagic ovaries, with high es-
trogen levels, increased inflammation markers and vascular
leak. LXRs could thus play a “gatekeeper role” during go-
nadotropin stimulation, preventing uncontrolled estradiol
production. The control of hormonal activity of the ovary
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is mediated bymodulating StAR and Cyp11A1 levels (Mouzat
et al., 2009).

In human, LXRs are expressed in granulosa cell com-
partment, especially LXRβ. This expression is induced by
human chorionic gonadotropin (hCG). By contrast, LXR ago-
nists inhibit progesterone production in the granulosa lutein
cells (Drouineaud et al., 2007). The latter discrepancy could
be explained by excessive cholesterol efflux from the luteal
cells under LXR activation, mediated by increased ABCA1,
ABCG1 levels (Bogan et al., 2012).

Altogether, LXRs are key players in themain ovarian func-
tions, folliculogenesis, ovulation and steroidogenesis during
reproduction. Further studies to demonstrate the diagnos-
tic and prognostic value of LXRs in different ovarian
pathologies such as OHSS, premature ovarian failure and
polycystic ovary syndrome could offer a new vision to the
physiopathology of the ovary.

3.7.1.2. Uterine physiology. Beyond ovarian dysfunction,
obesity has been associated with increased labor difficul-
ties and dystocia (Zhang et al., 2007). Indeed, a close
relationship between myometrial contraction and choles-
terol levels has been evoked (Buxton and Vittori, 2005; Elmes
et al., 2011). Cholesterol accumulation is associated with
lowered myometrial contractility (Noble et al., 2006; Smith
et al., 2005). Furthermore, oxytocin resistance is observed
in obese women during labor (Andreasen et al., 2004).

If both isoforms are expressed in the endometrium and
myometrium, LXRβ is involved in the uterine contractility,
preventing lipid accumulation, inducing Abca1 and Abcg1.
Indeed LXRβ-deficient female mice have labor difficulties
or dystocia (Mouzat et al., 2007) with non-delivered pups.
This abnormality has also been linked to a decrease in pros-
taglandin F2α and oxytocin sensitivity in the myometrium.
This situation seriously affects the perinatal morbidity/
mortality (Sebire et al., 2001; Zhang et al., 2007).

3.7.1.3. Placenta physiology. Cholesterol homeostasis in tro-
phoblast cells is crucial for fetal supplementation mediated
by cholesterol efflux, and progesterone production (Woollett,
2011). LXRs prevent excessive cholesterol accumulation in
the trophoblast cells, which is harmful to normal placen-
tal function (Marceau et al., 2005). Furthermore, LXR agonists
inhibit hCG production from the trophoblast cells in vitro,
which is primordial for pregnancy maintenance
(Weedon-Fekjaer et al., 2005). Moreover, LXRβ activation by
T0901317 and oxidized LDL (rich in oxysterols) reduces tro-
phoblast invasion and predisposes to preeclampsia (Aye et al.,
2011; Fournier et al., 2008). Preeclampsia is closely related
to hypertension and diabetes during pregnancy, and in-
creasesmaternal and fetal morbidity/mortality (Myatt, 2002;
Myatt and Webster, 2009). The hallmark of this syndrome
is insufficient trophoblast invasion with contractile spiral
uterine arteries. Studies conducted on placenta of women
with preeclampsia pointed out an overexpression of LXRα
and ABCA1 (Plösch et al., 2010) and a reduction of LXRβ
(Weedon-Fekjær et al., 2010). This action is mediated by
Endoglin/CD105, a bona fide LXR target gene (Henry-Berger
et al., 2008) which is overexpressed in preeclampsia
(Venkatesha et al., 2006). A single nucleotide polymor-
phism of LXRβwas identified to be significantly correlated

to preeclampsia in a study over 155 preeclamptic patients
(Mouzat et al., 2011). Again, LXRs seem the major deter-
minants in the regulation of themetabolic status even during
pregnancy.

3.7.2. LXRs and testicular physiology
Spermatogenesis and testosterone production in adult-

hood are finely regulated thanks to the pulsatile stimulation
of gonadotropins (LH and FSH), and a complex dialogue
between different cell types within the testis (Sertoli, Leydig
and germ cells) (Cheng and Mruk, 2011; Walker and Cheng,
2005). In this system, cholesterol is the fuel for androgen
synthesis and spermatogenesis (high cell turnover). Thus,
any abnormality in cholesterol metabolism could affect male
fertility. Many studies identified correlations between male
infertility and cholesterol metabolism (Eisenberg et al., 2014;
Kaplan et al., 2006; Kasturi et al., 2008; Ramírez-Torres et al.,
2000; Schisterman et al., 2014). But, the molecular mecha-
nisms are not well elucidated.

Meiosis-activating sterols, especially T-MAS and
desmosterol, are the amin oxysterols of the testis (Byskov
et al., 1995; Keber et al., 2013). T-MAS induces germ cell
meiosis in vitro (Byskov and Saxén, 1976). It is signifi-
cantly accumulated within the testis during puberty and
adulthood (Keber et al., 2013). In rats, 25-hydroxycholesterol,
issued from macrophages in the interstitium of the adult
testis, reduces cholesterol and stimulates LH-independent
testosterone biosynthesis, and promotes for Leydig and
Sertoli cell apoptosis in vitro (Le Goff et al., 2006; Lukyanenko
et al., 2001; Travert et al., 2006). These data suggest the im-
plication of LXRs in testicular physiology. Besides, the fact
that LXR-deficient mice present significant reproduction ab-
normalities opened the way to study the role of LXRs in the
testicular physiology (Fig. 5). Our team and others showed
the relevant importance of these receptors in spermato-
genesis and androgen production. Indeed, each isoform has
a preferential expression pattern: LXRα in Leydig cells and
LXRβ in Sertoli cells, while both are expressed within germ
cells (Maqdasy et al., 2015; Volle et al., 2007). Phenotypic
analysis of LXR-deficientmice showed specific roles and new
target genes for LXRs: Star and 3βhsd are LXRα direct target
genes in Leydig cells while LXRβ regulates Abca1 and Abcg1
gene in Sertoli cells and Abcg8 in germ cells (Maqdasy et al.,
2015;Mascrez et al., 2004; Robertson et al., 2005; Selva et al.,
2004; Volle et al., 2007). Beyond LXRα endocrine activity,
LXRβ within Sertoli cells regulates the endocrine physiol-
ogy of the testis by modulating inhibin and FSH levels from
one side, and testosterone levels by a paracrine effect on the
neighboring Leydig cells, on the other side (Maqdasy et al.,
2015). Meanwhile, both isoforms are necessary to regu-
late germ cell homeostasis, especially the proliferation/
apoptosis ratio and spermiogenesis. LXR-deficient mice are
thus infertile with azoospermia at 7months of age. This phe-
notype is complex and results from Leydig dysfunction
(LXRα-linked phenotype), cholesteryl ester accumulation
within Sertoli cells and blood–testis barrier (BTB) disrup-
tion (LXRβ-linked phenotype), peritubular smooth muscle
disorganization and spermiogenesis defects.

In another study, we demonstrated that LXRs are gate-
keepers against endocrine disruptors, especially against
diethylstilbestrol (DES). They block the detrimental effects
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of DES on the testis in early adulthood (Oumeddour et al.,
2014). Testicular damage is more profound in Lxrα;β-/- mice
when exposed to DES.

Our team also studied the implication of LXRs in human
testis. We studied men with non-obstructive azoospermia
(NOA) and compared them with obstructive azoospermia
(OA) patients, who were considered as control patients. A
significant decrease of LXRα2 and LXRβ was observed
within the testis of men with NOA, associated with
lower proliferating germ cells, suggesting a pivotal role of
LXRs within human testis and its necessity for spermato-
genesis (Rondanino et al., 2014). Finally, LXR, as a key
regulator of the testicular physiology, could be added to
the network of the other nuclear receptors regulating tes-
ticular physiology (for review, please refer to Maqdasy et al.,
2012).

4. Conclusions and perspectives

While oxysterols could not be considered as “true” hor-
mones owing to their short half-life, LXRα and LXRβ exert

various physiological functions in the endocrine system far
beyond being simple cholesterol/fatty acid sensors. They ac-
tually orchestrate glucose homeostasis and insulin activity,
thyroid and pituitary hormone levels, bone homeostasis,
renin–angiotensin–aldosterone axis, adrenal steroidogen-
esis, and male and female reproduction (Table 1). Overall,
one of the most important global endocrine activities is the
regulation of steroid synthesis. Beyond, LXRs interact with
steroid nuclear receptors such as AR (Viennois et al., 2012a)
and ER (Han et al., 2014; Vedin et al., 2009), which are in-
volved respectively in prostate and breast cancers. As ligand
activated transcription factors, LXRs are thus considered suit-
able pharmacological targets. Despite their pleiotropic effects,
one should understand that the magic potion will not be
soon available and other cell and animal models will be nec-
essary to test putative ligands.
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Table 1
Summary of LXR target genes in endocrine tissues.

Endocrine tissue Target genes Physiological effects

Thyroid (LXRα) DIO-2 (downregulation) Increased T4/T3 ratio
SREBP1c (activation)

Pituitary (LXRα) POMC (activation) Stimulated ACTH and glucocorticoid secretion
SREBP1c (activation) 11βHSD-1 (downregulation)

Adrenal gland (LXRα) LDL-R, SR-B1, ABCA1, ApoE Prevention of lipid accumulation
StAR, Cyp11A1 Control of glucocorticoid synthesis

Bone (LXRβ) RANKL (downregulation) Reduced osteoclast activity
Kidney (LXRα) Renin (activation) Hypertensive effects

AT2R, AT1R, ACE, ENaC (downregulation) Anti-hypertensive effects
Ovary (LXRα and LXRβ) IL6, VEGF, StAR, Cyp11A1 Folliculogenesis, meiosis, prevention of excessive

ovarian response to gonadotropins
Placenta (LXRβ) Endoglin/CD105 (activation) Reduced trophoblast invasion
Uterus (LXRβ) ABCs (activation) Prevention of lipid accumulation, maintenance of

contractility
Testis
Leydig (LXRα) StAR, 3βhsd, Cyp11A1 (activation) Control of testosterone synthesis, Leydig cell

survival
Sertoli (LXRβ) ABCs (activation) Prevention of lipid accumulation, maintenance of

BTB
Germ cells (LXRα/LXRβ) ABCG8, SREBP1c, SCD1 (activation) Prevention of lipid accumulation, spermiogenesis
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a b s t r a c t

The link between cholesterol homeostasis and male fertility has been clearly suggested in patients who
suffer from hyperlipidemia and metabolic syndrome. This has been confirmed by the generation of sev-
eral transgenic mouse models or in animals fed with high cholesterol diet. Next to the alteration of the
endocrine signaling pathways through steroid receptors (androgen and estrogen receptors); ‘‘orphan’’
and ‘‘adopted’’ nuclear receptors, such as the Liver X Receptors (LXRs), the Proliferating Peroxisomal Acti-
vated Receptors (PPARs) or the Liver Receptor Homolog-1 (LRH-1), have been involved in this cross-talk.
These transcription factors show distinct expression patterns in the male genital tract, explaining the
large panel of phenotypes observed in transgenic male mice and highlighting the importance of lipid
homesostasis and the complexity of the molecular pathways involved. Increasing our knowledge of the
roles of these nuclear receptors in male germ cell differentiation could help in proposing new approaches
to either treat infertile men or define new strategies for contraception.

! 2012 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Cholesterol plays an important role in cellular function and
integrity. It is essential for membrane composition, permeability,
fluidity, endocytosis and intracellular signaling. Thus, its homeo-
stasis is crucial for optimal cellular functions. The balance between
its synthesis and catabolism should be strictly regulated. Deregula-
tion of cholesterol homeostasis can be responsible for atheroscle-
rosis and increases the risk of cardiac and/or cerebral vascular
diseases (Carleton et al., 1991). Molecular mechanisms involved
in lipids homeostasis have been well defined in liver and adipose
tissue, two major organs implicated in the synthesis, storage and
elimination of cholesterol (Goedeke and Fernandez-Hernando,
2012). Besides, male reproductive system has been demonstrated
to dependent on cholesterol homeostasis. As first evidence,
cholesterol is the precursor for steroid synthesis (Parton and
Hancock, 2004; Simons and Ikonen, 2000; Yokoyama, 2000). More-

over, many experimental and clinical data have highlighted the
importance of lipid metabolism in the control of male fertility
and more particularly testicular physiology (Wathes et al., 2007;
El-Hajjaji et al., 2011).

We will review data on the impact of cholesterol homeostasis
on male fertility, and the molecular mechanisms involved. Next
to steroid receptors such as the androgen and estrogen receptors,
here we will focus on those guided by some orphans and adopted
nuclear receptors which have been defined as sensors of lipid
homeostasis (Francis et al., 2003); (Repa and Mangelsdorf, 2000).
Their impacts depend on their temporal and cellular localization
within the testis (Fig. 1). Thus we will discuss the involvement of
the Steroidogenic Factor-1 (SF-1, NR5A1), the Dosage-sensitive
sex reversal, Adrenal hypoplasia critical region, on chromosome
X, gene 1 (Dax1, NR0B1), the Liver X Receptors (LXRs, NR1H2/3),
the Peroxisome Proliferator-Activated Receptors (PPARs, NR1C1/
2/3), Liver Receptor Homolog-1 (LRH-1, NR5A2), Small Heterodi-

Fig. 1. Temporal or cellular localisations of «lipidic» nuclear receptors in testis. (A) In the leydig cells; (B) in the Sertoli cells and (C) in the different stages of germ cell
differentiation.
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mer Partner (SHP, NR0B2), and Farnesoid X Receptor (FXRa,
NR1H4).

2. Cholesterol, a major actor of testicular physiology

2.1. Male fertility

2.1.1. Pathology
Secretory and excretory pathologies are responsible for male

infertility. The former are due to altered spermatogenesis originat-
ing from testicular dysfunctions, whereas the later correspond to
abnormalities of male genital tract (such as epididymis) that block
sperm excretion (Kolettis, 2003). In cases of infertility, Assisted
Reproductive Technologies, In Vitro Fertilization (IVF) or Intra
Cytoplasmic Sperm Injection (ICSI), are performed depending on
the alterations. Regarding ICSI, it is indicated when few motile
spermatozoa are found in the sperm and sometimes testicular
biopsy is needed (Schlegel and Girardi, 1997). This highlights the
importance to better understand the mechanisms involved in tes-
ticular germ cell differentiation.

2.1.2. Testicular histology
The testis is composed of seminiferous tubules outlined by a ba-

sal membrane that separates them from the interstitial compart-
ment. In adult, these two compartments respectively possess the
exocrine and the endocrine functions.

2.1.2.1. Endocrine function. The interstitial space, traversed by
numerous blood and lymph vessels, provides the distribution of
nutrients (iron, vitamins A and E...), hormones (LH - luteinizing
hormone, FSH - follicle stimulating hormone, insulin...), and
growth factors (EGF - Epidermal growth factor...) necessary for
spermatogenesis (Li et al., 2011a,b; Shiraishi and Matsuyama,
2012). It also contains immune cells, mainly macrophages, and
the Leydig cells which produced androgens.

From a clinical point of view, testosterone is essential for repro-
ductive function, muscle and bone mass maintenance, cognitive
function and other physiological parameters (Juul and Skakkebaek,
2002; Matsumoto, 2002; Vermeulen, 2000). Testosterone defi-
ciency results in defects in spermatogenesis, diminished libido, al-
tered erectile function, increased risk of osteoporosis and
decreased muscle mass (Bhasin et al., 2010). Recent population-
based studies indicate that testosterone deficiency predicts future
development of diabetes mellitus, metabolic syndrome, endothe-
lial dysfunctions, cardiovascular events (Cunningham and Toma,
2011; Ding et al., 2006; Khaw et al., 2007; Laaksonen et al.,
2004; Laughlin et al., 2008; Maggio et al., 2007).

2.1.2.1.1. Leydig cells. They constitute only 5% of somatic cells of
testis (Kerr, 1991; Setchell, 2008). Physiology of the Leydig cells is
under the control of the hypothalamo-pituitary LH secretion. These
cells support the endocrine function of the testis through the pro-
duction of androgens, mainly testosterone (Chen et al., 2009).

Steroidogenesis is a muti-step process producing steroids from
cholesterol. Leydig cells can synthesize de novo cholesterol, and can
also take cholesterol from circulating HDL (Hou et al., 1990). Ste-
roidogenic acute regulatory protein (StAR) is a rate limiting protein
in the steroidogenesis. It regulates cholesterol transport through
mitochondrial membrane. Then, cholesterol side chain is cleaved
by the cytochrome 450 CYP11a1 producing pregnenolone. Then
several enzymatic reactions involving 3HSDB and CYP17a1 allow
the production of testosterone, which will then be transformed
into dihydrotestoterone (DHT) by the 5a-reductase (Hanukoglu,
1992), or into estradiol (E2) by the aromatase (Carreau et al.,
2011a,b).

Androgens are involved in the maintenance of fertility and the
development of secondary sexual characters (for review: (Haider,
2004)). Testosterone controls spermatogenesis through the regula-
tion of the Sertoli cells functions (Sultan et al., 1992). Within the
latter, testosterone may act directly by stimulating the androgen
receptor (Wang et al., 2009a,b), but also indirectly. Indeed, through
the feedback on the hypothalamo-pituitary axis, testosterone lim-
its the release of FSH, a key regulator of Sertoli cell functions
(Ruwanpura et al., 2010).

Leydig physiology is controlled by LH, which will stimulate
cAMP pathways. This results in de novo protein synthesis, such as
StAR protein (Stocco and Sodeman, 1991), and activation of choles-
terol ester hydroxylase (Stocco et al., 2005). Besides, Ca+2 depen-
dent kinase systeme MAPK pathways are also activated (Tajima
et al., 2005). Many other factors like glucocorticoids, inflammatory
cytokines, estradiol, prolactin, TGFb, IGF-1, EGF, factors secreted by
Sertoli cells, estradiol and testosterone itself (autocrine effect) can
modulate testosterone synthesis (Dufau, 1988; Manna et al., 2006;
Saez, 1994) (for intracellular Leydig signalization review: (Stocco
et al., 2005)). Under acute effects of LH, free cholesterol is trans-
ferred to the inner membrane of mitochondria. Chronic stimula-
tion leads to the expression of enzymes implicated in cholesterol
transformation into testosterone (CYP11A1, 3bHSD, CYP17a) (Payne
and Youngblood, 1995; Wang et al., 2009a,b).

The crucial role of this pathway has been highlighted by the use
of transgenic mouse models and by the identification of mutations
in humans. Mice lacking Star exhibit adrenocortical and gonadal
insufficiencies due to defective steroidogenesis. They are also char-
acterized by lipid accumulation in adrenal cortex and interstitium
of testes (Caron et al., 1997). Such mutations are described in hu-
man and are associated with the same phenotypes, called lipoid
congenital adrenal hyperplasia (Bose et al., 1996).

Next to its direct effects, testosterone is transformed into estro-
gen by cytochrome P450-19 (Cyp19), which is expressed in almost
all cell types of the testis including Leydig cells (Bourguiba et al.,
2003). Estrogen is a well known inhibitor of the hypothalamic-
pituitary–gonadal axis (Strain et al., 1982). In obese men, probably
through excess of estrogen or the increased insulin resistance, LH
pulse amplitude is diminished, explaining the central origin of
hypogonadism (Vermeulen, 1996; Strain et al., 1982). Many com-
ponents of metabolic syndrome including dyslipidemia and diabe-
tes mellitus are also associated with increased oxidative stress and
with lipid peroxidation (Dandona et al., 2005). Increased reactive
oxygen species (ROS) reduces StAR function and steroidogenesis
in Leydig cells (Diemer et al., 2003). In the same context, cycloxy-
genase-2 (COX 2) increase leads to inhibition of StAR expression
(Wang et al., 2005a,b).

2.1.2.2. Exocrine function. Production and release of the gametes
take place in the seminiferous tubules. The seminiferous epithe-
lium contains germ cells and Sertoli cells. It is supported by a basal
lamina and a wall formed of collagen fibers, fibroblasts and myoid
cells. The latter possess a contractile activity involved in the pro-
pulsion of spermatozoa.

2.1.2.2.1. Sertoli cells. The number of Sertoli cells in the adult
testis determines both testicular size and daily sperm production
(Sharpe et al., 2003). Based on the basal lamina, Sertoli cells play
a supportive role on germ cell and ensure the maintenance of sper-
matogenesis. Furthermore, they constitute the hemato-testicular
barrier that isolates the germ cells from blood components, espe-
cially immune mediators (Fijak et al., 2011). Sertoli cells are thus
the only source of nutrients and growth factors for germinal cells.
Besides, they are responsible for phagocytosis of apoptotic germi-
nal cells and seem to have a paracrine action on Leydig cells (John-
son et al., 2008).
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To maintain these functions, Sertoli cells respond to two main
modulators, FSH and testosterone. FSH mediates transferin and
lactate production by Sertoli cells, necessary to support spermato-
genesis. It also stimulates cAMP Response Element-Binding (CREB)
protein phosphorylation, which mediates Sertoli cell proliferation
before puberty (Simoni et al., 1999). Mice lacking FSH receptor
have a diminished fertility with underdeveloped testes (Dierich
et al., 1998; Krishnamurthy et al., 2000). The same alterations are
found in men with FSHRmutations (Tapanainen et al., 1997). Inter-
estingly, mice with Sertoli cell-specific KO for androgen receptor
(AR) have decreased spermatocytes and round spermatids num-
bers and are devoided of elongated spermatids (Denolet et al.,
2006; Sharpe et al., 1994; Verhoeven, 2005). This highlights that
testosterone is absolutely necessary to maintain spermatogenesis,
via its actions on Sertoli cells.

Sertoli cell activities are also controlled by paracrine factors de-
rived from the germ line. Among them, GDNF (Glial cell line-De-
rived Neurotrophic Factor) and bFGF (basic fibroblast growth
factor) are involved in the regulation of Cyp19 in response to FSH
(Schteingart et al., 1999; Perrard and Durand, 2009).

2.1.2.2.2. Germ cells. Starting at puberty, spermatogenesis is the
cyclical process by which germ cells differentiate to form sperm.
The duration is 35 and 74 days in mouse and human respectively
(Yoshida, 2010). In contact with the basal lamina, undifferentiated
spermatogonia divide asymmetrically. Thus, they amplify by suc-
cessive mitoses or differentiate into intermediate type and then
type B spermatogonia. These early stages of differentiation corre-
spond to the proliferative phase of spermatogenesis. In the second
meiotic phase, spermatogonia become primary and secondary
spermatocytes in which occur recombination of genetic material
and chromosome segregation. Finally in the last stage of differen-
tiation, called spermiogenesis, spermatocytes become spermatids
after four major processes of maturation (Dadoune, 1994). The en-
tire genome is condensed due to the replacement of histones by
protamines (Meistrich et al., 2003), while much of the cytoplasm
is eliminated after phagocytosis by the Sertoli cells (Yefimova
et al., 2008). In addition, the early stages of acrosome formation
and the establishment of the flagellum lead to spermatozoa (Kiers-
zenbaum et al., 2007).

2.1.3. Hormonal regulation of testicular physiology
The testis is a key target for androgen and estrogen actions.

These hormonal sensitivities have been studied for decades
(Verhoeven et al., 2010). The role of testosterone is evident in pa-
tients with complete androgen insensitivity syndrome (Sultan
et al., 1993).

2.1.3.1. Androgens. Spermatogenesis is strictly controlled and de-
pends on a succession of signals provided by the local environment
(Skinner, 1991; Verhoeven, 1992; Jegou, 1993). Androgens play a
crucial role in the control of spermatogenesis. Molecular details
have been discovered using transgenic KO mice for androgen
receptor (AR) either in the testis or in different testicular compart-
ments. Such mice have low testosterone levels with altered expres-
sion of steroidogenic enzymes, even Leydig cell mass is altered (for
review: (Wang et al., 2009a,b)). AR is involved in autocrine action
of testosterone on Leydig cells. Testosterone deficiency is responsi-
ble for spermatogenesis arrest due to altered Sertoli functions
(Wang et al., 2009a,b).

2.1.3.2. Estrogens. First considered as female hormones, estrogens
have emerged as major contributors to male genital tract since sev-
eral years (Carreau et al., 2011a,b). Indeed, Cyp19 which trans-
forms androgens into estrogens is present in almost all cell types
of the testis. The estrogen receptor ERa is the major isoform ex-
pressed in Leydig cells, while ER b is expressed in Sertoli and germ

cells. Recently, a G-protein-coupled receptor (GPCR; GPR30) has
been described to be activated by estrogens and to be expressed
in germ cells (Carreau et al., 2011a,b).

Most of the data regarding the role of estrogen in testicular
physiology have been obtained from transgenic mouse models
(Couse et al., 2001), the exposition to aromatase inhibitors and
estrogen-like molecules (Dunkel, 2006; Cho et al., 2003; Volle
et al., 2009).

Estrogens have been described to down-regulate LH receptor
and inhibit Star gene and others genes implicated in steroidogene-
sis (for review: (Abney, 1999)). In mouse ERa have been demon-
strated to be involved in the maturation of the spermatozoa
(Lubahn et al., 1993). These KO mice present an excess of fluid
which increases the pressure within the seminiferous tubules
and leads to the germ cell loss (Eddy et al., 1996; Hess et al.,
1997). Surprisingly, the ERb-KO mice show no testicular default
(Couse et al., 1997).

The deficient male mice for Cyp19 (Cyp19-KO) develop nor-
mally and their genital tract is anatomically similar to that of the
wild-type. Males are fertile; however some of Cyp19-KO males ex-
hibit an altered spermatogenesis by the age of 5 months (Robert-
son et al., 1999). By the age of one year, all males develop
abnormal spermatogenesis with a blockage of germ cell matura-
tion at the spermatid stage. This is due to an increase in apoptotic
rates when compared to the wild-type animals. The observation of
abnormal acrosome development in the Cyp19-KO mouse suggests
that acrosome biogenesis could be an estrogen-dependent process
(Robertson et al., 1999). Interestingly, estradiol have been demon-
strated to play a role as a survival factor for the human germ cells
(Pentikainen et al., 2000), and also is beneficial for sperm motility
(Carreau and Hess, 2010). Moreover, next to these data, deleterious
effects of numerous endocrine disruptors on sperm count and male
genital tract (cryptochidism, hypospadia and infertility) have been
documented (Sikka and Wang, 2008; Iguchi et al., 2001), particu-
larly in the context of in utero and/or neonatal exposures.

2.2. Lipid metabolism disorders and reproduction

Altered concentrations of plasma cholesterol can affect the
reproductive function leading to infertility. This link between lipid
homeostasis and fertility is clearly evident in patients who suffer
from hyperlipidemia or metabolic syndrome (Kaplan et al., 2006;
Kasturi et al., 2008; Padron et al., 1989). This has been confirmed
by the generation of several transgenic mouse models such as
the Apolipoprotein-A1 knock-out (KO) mice or in animals fed a high
cholesterol diet (Saez Lancellotti et al., 2010; Shalaby et al., 2004).
Pathophysiological aspects of altered fertility associated with met-
abolic syndrome are complex. One main cause of infertility seems
to be a defect in the hypothalamo-pituitary gonadal axis leading to
a diminished LH secretion and thus a lower testosterone produc-
tion. It has been associated with higher aromatization of testoster-
one into estrogen in the excessive adipose tissue. Furthermore,
higher leptin concentrations secreted from excess adipose tissues
in patients can inhibit testosterone secretion (Saad, 2009; Caprio
et al., 1999; Isidori et al., 1999). Next to this, metabolic diseases
are frequently associated with hyper-insulinemia which inhibits
testosterone secretion through insulin receptors which are ex-
pressed on Leydig cells (Pitteloud et al., 2005). Another mechanism
of hypogonadism in patients with metabolic syndrome is the de-
creased levels of sex hormone binding globulin (SHBG) synthesis
due to insulin resistance (Plymate et al., 1988). Thus, total and free
testosterone and SHBG are low in such patients (Pasquali et al.,
1995). Altered fertility could also results from abnormal spermato-
genesis due to increased oxidative stress in testicular microenvi-
ronment (Sheweita et al., 2005).
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Moreover, lipid homeostasis is of particular importance in germ
cells. These cells undergo different modifications in lipid concen-
trations, especially cholesterol, desmosterol and phospholipids
during their differentiation. These modifications are important to
maintain membrane fluidity and fertilization (Rejraji et al., 2006).

On the other side, altered testicular functions may increase the
risk of metabolic syndrome (Kupelian et al., 2006; Smith et al.,
2006). Indeed, infertile patients frequently have dyslipidemia (Ra-
mirez-Torres et al., 2000). The dramatic increase of the prevalence
of metabolic syndrome in our society (Ogden et al., 2003) rein-
forces the importance to better understand how cholesterol
homeostasis impacts on fertility and the involved molecular
mechanisms.

2.3. ‘‘Lipidic’’ Nuclear Receptors in male genital tract

As shown in the previous part, steroid nuclear receptors (AR,
ER) play major roles in male reproductive functions, and particu-
larly testis.

Cellular regulation of cholesterol concentrations is mostly
achieved by transcription factors that control the expression of
genes implicated in lipid metabolism (Bantubungi et al., 2011).
Over the last 20 years, some key regulators controlling the expres-
sion of genes involved in lipid homeostasis have been identified
(Horton et al., 1999; Hua et al., 1995; Lehmann et al., 1997; Luo
and Tall, 2000; Peet et al., 1998; Schultz et al., 1999; Streicher
et al., 1996; Zeng et al., 2004). Interestingly, other members of
the nuclear receptor superfamily appear to play major roles on
the control of testicular physiology. Among them, we will focus
here on those involved in cholesterol homeostasis. Indeed, we will
focus on the nuclear receptors SF-1, Dax-1, LXR, PPAR, LRH-1, SHP,
FXR and RXR (Fig. 1).

2.3.1. Steroidogenic factor 1
2.3.1.1. Physiological functions. One of the nuclear receptor that has
been involved in the control of testicular physiology is the steroi-
dogenic factor-1 (SF-1, NR5A1). SF-1 shows high homology with
the drosophila Ftz-F1 transcription factor, which controls fushi tar-
azu homeotic gene expression (Lavorgna et al., 1993). Interestingly,
phospholipids have been demonstrated to activate SF-1 (Whitby
et al., 2011). SF-1 knock-out mice die by eight days because of
acute glucocorticoid and mineralocorticoid deficiency (Luo et al.,
1999). During development, SF-1 is an essential regulator of genes
involved in the sex determination cascade (Luo et al., 1995; Ingra-
ham et al., 1994). The gonads of the Sf-1-KO mice degenerate by
apoptosis just before differentiation at approximately embryonic
day 10.5 (E10.5; (Luo et al., 1994)). It has been suggested that
SF-1 is required for the survival and proliferation of cells in the
undifferentiated gonadal primordium (Parker et al., 2002; Schim-
mer and White, 2010).

SF-1 has been mainly studied for its role in controlling the
expression of all the steroidogenic enzymes and cholesterol trans-
porters required for steroidogenesis. Interestingly, SF-1 regulates
the hypothalamo-pituitary axis. Indeed, the pituitary-specific
knock-out mice show marked hypogonadism with a decrease in
male and female gonad mass and absence of sexual maturation,
resulting in sterility (Ikeda et al., 1995; Zhao et al., 2001a,b).

2.3.1.2. Testicular expression pattern. (Fig. 1): In the mouse, Sf-1 is
expressed in the early adrenogonadal primordium from 9 day
post-coïtum (Ikeda et al., 1994; Val et al., 2007). In testis, SF-1
expression is maintained in the somatic cells, where it may act
with SRY in supporting SOX9 expression (Sekido and Lovell-Badge,
2008).

Pezzi et al. studied the expression pattern of Sf-1 in testis using
primary cell cultures of Leydig, Sertoli and germ cells, isolated from

adult rats, and Sertoli cells isolated from immature animals (Pezzi
et al., 2004). These data show high levels of Sf-1mRNA in immature
and mature Sertoli cells as well as in mature Leydig cells; whereas
in germ cells, the Sf-1 mRNA was present at negligible levels.

2.3.1.3. Role in Leydig cells. (Fig. 2): SF-1 has been demonstrated to
be a key regulator of steroidogenic cell physiology. In these cells,
SF-1 regulates all the aspects of cholesterol metabolism by control-
ling the expression of the scavenger receptor, class B, type I (SR-BI),
the predominant receptor that supplies plasma cholesterol to ste-
roidogenic tissues (Cao et al., 1999). It might also be involved in de
novo synthesis of cholesterol through the regulation of the HMG-
CoA synthase (Mascaro et al., 2000).

SF-1 also controls the transcription of almost all the genes
encoding the steroidogenic enzymes. It also regulates the expres-
sion of Star, Cyp11a1, Hsd3b, and P450c17 (Caron et al., 1997; Chau
et al., 1997; Leers-Sucheta et al., 1997). If LH acts on steroidogenic
genes through cAMP pathway, several evidences suggest that SF-1
may not be involved in response to cAMP (Hu et al., 2001).

2.3.1.4. Involvement in Sertoli cell functions. (Fig. 2): The gonad-spe-
cific Sf-1 KO mice generated using Cre-loxP recombination with
Amhr2-Cre, are viable with affected the testes (Jeyasuria et al.,
2004; Pelusi et al., 2008). The differential expression between
wild-type and specific KO is clear in Sertoli cells at post-natal
day 21. The germ cells were irregularly arranged with fewer Sertoli
cells compared with controls, vacuoles appeared, and many of the
seminiferous tubules exhibited no lumen at P14. There is also a
marked reduction of PCNA-positive germ cells and a significant in-
crease in apoptosis in KO testes. As functional maturation of the
Sertoli cells is important for spermatogenesis (Sharpe et al.,
2003); it is possible that abnormal development of the Sertoli cells
results in the impaired spermatogenesis seen in the adult gonad-
specific Sf-1 KO testes. Indeed.

2.3.2. Dosage-sensitive sex reversal, Adrenal hypoplasia critical region,
on chromosome X, gene 1 (Dax1, NR0B1)
2.3.2.1. Physiological functions. DAX1 is an unusual member of the
nuclear receptor superfamily (Zanaria et al., 1994). Even though
it is an orphan receptor, the C-terminal portion has the structure
characteristic of a ligand-binding domain. DAX1 is a negative reg-
ulator that interacts with other nuclear receptors to inhibit their
activities (McCabe, 2007). DAX1 blocks the heterodimerization be-
tween SF1 and the Wilms Tumor gene (WT1) which play a role in
sexual differentiation (Vilain and McCabe, 1998).

Dax-1-KO mice show hypogonadism with reduced testis mass
(Yu et al., 1998). Defective spermatogenesis leading to complete
germ cell degeneration is due to germinal epithelium dysgenesis
after 14 weeks of age. Testes also present a Leydig cell hyperplasia
(Meeks et al., 2003), whereas Sertoli cells seem unaffected.

2.3.2.2. Testicular expression pattern. (Fig. 1): Dax-1 is expressed in
several endocrine tissues, including the gonads. In testis, it is pres-
ent in Sertoli and Leydig cells (Meeks et al., 2003).

2.3.2.3. Role in the Leydig cells. (Fig. 2): It has been shown that,
in vitro, Dax-1 is able to control the expression of the genes encod-
ing for enzymes involved in steroid synthesis. However, in vivo, it
was demonstrated that in Dax1-deficient Leydig the expression
levels of Star, Cyp11a1, Cyp17, 3-HSDB, and 17b-HSD type III mRNAs
were not altered compared with wild-type (Meeks et al., 2003). In
contrast, the expression of Cyp19 mRNA was increased in Dax1-
deficient Leydig (Wang et al., 2001a,b). The impact of this elevated
estrogen pathway was reinforced by the use of the selective estro-
gen receptor modulator, tamoxifen, which rescues, at least in part,
male fertility of Dax-1 KO males (Wang et al., 2001a,b). Moreover,
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in Dax-1 KO, the re-expression of Dax-1 specifically in Leydig re-
sults in improved fertility. Although testicular size was not re-
stored, Cyp19 expression was back to normal levels, and sperm
production was increased (Meeks et al., 2003).

2.3.2.4. Involvement in Sertoli cell functions. (Fig. 2): It was shown
that the cAMP-signaling pathway induced by FSH leads to a potent
down-regulation of Dax-1 expression in cultured Sertoli cells (Ta-
mai et al., 1996).

In parallel, Sertoli cell-specific expression of a Dax-1 transgene
is sufficient to partially rescue the primary testicular defect of
the male Dax-1-KO (Jeffs et al., 2001). Fertility was completely re-
stored. However, there is only a modest improvement in testicular
morphology. The rescue of fertility may be attributed to a combi-
nation of differences in the production and functional capacity of
spermatozoa (Jeffs et al., 2001).

These data suggest that following FSH effect on DAX-1, it could
be involved in the regulation of genes encoding paracrine factors
that will be primordial for germ cells.

2.3.3. Liver X receptors LXRa and LXRb (NR1H3 and NR1H2)
2.3.3.1. Physiological functions. The LXRs belong to the subclass of
nuclear receptors that form obligate heterodimers with the
retinoid receptors RXR and are activated by oxysterols (Repa and
Mangelsdorf, 2002). The heterodimer could be activated by both li-
gands. LXRs have been identified as players of many physiological
functions (Baranowski, 2008; Zhu et al., 2012)). Human LXRa (447
amino acids) and LXRb (460 amino acids) share 77% sequence
homology in their DBD and LBD (Lobaccaro et al., 2001).

If LXRb is ubiquitously expressed, LXRa is mostly present in
tissues with active metabolism. LXR are involved in key functions
in the control of cholesterol metabolism and lipogenesis (Zhang
et al., 2012; Korach-Andre et al., 2011a,b). In the liver, these ef-
fects are mediated by LXRa. It was first demonstrated that LXR
control the expression of the rate limiting step of bile acid synthe-
sis, cytochrome 7a1 (Cyp7a1) (Peet et al., 1998). Then, they were
also demonstrated to increase cholesterol reverse transport in
intestine and macrophage regulating the ATP Binding Cassett

Fig. 2. Involvement of lipidic nuclear receptors in testis. (A) Main regulator of steroidogenesis is the hypothalamo-pituitary axis through LH secrecretion and then via PKA
pathways. This LH secretion is in part regulated by LXRs. In the Leydig cells, steroids synthesis results from transformation of cholesterol originating from either endogenous
production or uptake of exogenous cholesterol. Interestingly, PPARs could interfere with these pathways and mainly in the context of exposure to endocrine disrupters.
Regarding the expression of steroidogenic genes, they have been demonstrated to be regulated by several nuclear receptors responding to lipidic stimulus. Positif effects were
shown for SF-1, LRH-1 and LXRa. In contrast steroidogenesis is negatively controlled by PPARs, Dax-1, SHP and FXR and also by the estrogen receptors. All these data suggest
that there could be some negative feedback involving several nuclear receptors such as FXR-SHP and LHR-1/SF-1. (B) Sertoli cells are supportive structure for normal
spermatogenesis. This role is stimulated by testosterone and FSH. Lipid homeostasis play an important role in Sertoli cell functions as highlighted by the LXRb or the RXRb
knock-out mice. Alteration of genes involved in the maintenance of cholesterol homeostasis led to abnormal storage of cholesterol esters which is supposed to altere Sertoli-
germ cell communication. (C) Regarding germ-cells, eventhough both LXRs and LRH-1 have been reported to be expressed in some steps of spermatogenesis, their roles
remain unknown. The role of RXRb has been well defined in the spermiation process. SHP has also been clearly involved the decision of germ cells to enter in meiosis and
progress through spermatogenesis.
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genes abca1, abcg5, abcg8 and abcg1 (Venkateswaran et al.,
2000a,b; Repa et al., 2002).

They also control carbohydrate and energy metabolism. Indeed,
several studies indicate that lack of LXR expression leads to in-
creased energy expenditure and resist to diet-induced obesity,
due to the control of uncoupling protein 1 (UCP1) expression (Kor-
ach-Andre et al., 2011a,b).

Both LXRa and LXRb have also been defined as anti-inflamma-
tory transcription factors and physiological regulators of innate
and adaptive immune responses, apoptosis and phagocytosis (Im
and Osborne, 2011; Valledor, 2005).

2.3.3.2. Testicular expression pattern. (Fig. 1): LXRs isoforms are ex-
pressed in adult testis. If both are detected in the germ cells, LXRa
is mainly expressed in Leydig cells whereas LXRb is in the Sertoli
cells (Volle et al., 2007a,b). In human, the expression of several iso-
forms of LXRa has been described (Chen et al., 2005; Endo-Umeda
et al., 2012). However, their cellular localisation has not been stud-
ied so far, nor their physiological functions.

2.3.3.3. Role in Leydig cells. (Fig. 2): LXRa is the major isoform in
Leydig cells. Studies of mice KO for LXRa and LXRab isoforms
showed a clear alteration of androgen synthesis by Leydig cells.
This role of LXR is not unusual as it regulates intracellular choles-
terol levels (Cummins et al., 2006; Steffensen and Gustafsson,
2004), the basic fuel for steroidogenesis. Mice lacking LXRa have
low intra-testicular testosterone levels (Volle et al., 2007a,b; Rob-
ertson et al., 2005). Many enzymes implicated in steroidogenesis
are bona fide targets for LXR; we and others showed that either ab-
sence or pharmacological stimulation of LXR modulate the expres-
sion of Star, 3hsdB, and 17bhsd and alter intra-testicular
testosterone concentrations (Volle et al., 2007a,b; Lee et al.,
2008). LXRa is also expressed in pituitary gland and could be
responsible for the LH secretion. Indeed, LXR agonists can stimu-
late LH secretion (Volle et al., 2007a,b; Lee et al., 2008). Next to
this, LXR also regulate the expression of Srebp1 which enhances
Star and Cyp17a (Ozbay et al., 2006; Shea-Eaton et al., 2001).

In periphery, LXR activation induces sulfotransferase-2a1
(Sult-2a1), an enzyme responsible for androgen and estrogen
deactivation (Lee et al., 2008; Gong et al., 2007). Thus, Leydig cell
modulation by these receptors is partly direct and somewhat cen-
tral and usually opposed by deactivation of excess testosterone by
its peripheral sulfonation.

2.3.3.4. Involvement in Sertoli cell functions. (Fig. 2): LXRb has been
described to be directly implicated in lipid homeostasis in Sertoli
cells. LXRab!/! and LXRb!/! mice showed excessive cholesteryl
ester accumulations mainly localized in Sertoli cells. (Volle et al.,
2007a,b; Robertson et al., 2005). The main genes encoding for en-
zymes implicated in lipid homeostasis, especially Srebp1c, Fatty
Acid Synthase (Fasn), Stearoyl-CoA desaturase-1 (Scd1) are dereg-
ulated in testicular tissue of these mice (for review: (El-Hajjaji
et al., 2011)). This lipid accumulation in Sertoli cells might partic-
ipate for a destructive testicular phenotype, and explains, in part,
the infertile phenotype in these mice. This seems to be linked to
the regulation of ATP Binding Cassette-a1 (abca1), a membrane
bound cholesterol export pump (Hozoji-Inada et al., 2011). Sertoli
cells are the major site of testicular ABCA1 expression. It is respon-
sible for the efflux of excess lipids accumulating in Sertoli cells
after phagocytosis of germinal cells (Kerr and de Kretser, 1974). In-
deed KO mice or mutations for abca1 lead to lipid accumulation in
Sertoli cells, lower intratesticular testosterone levels and sperm
counts (Selva et al., 2004). This lipid accumulation is also responsi-
ble for altered Sertoli cell functions, evaluated by the modification
of FSH level (Robertson et al., 2005; Meachem et al., 2001).

2.3.3.5. Potential role in germ cells. (Fig. 2): Both LXRa and b are ex-
pressed in germinal cells. These receptors seem to be implicated in
their homeostasis. We showed that mice KO for both LXRs present
lipid accumulations in germ cells, especially in spermatids. These
mice suffered from altered proliferation and apoptosis of germ
cells resulting in desquamation and complete disorganization of
seminiferous tubules and infertility (Volle et al., 2007a,b). LXR
implication in spermatogenesis could be indirect via the retinoic
acid pathway, which is up regulated in these mice (Volle et al.,
2007a,b).

2.3.4. Peroxisome Proliferator Activated Receptors PPARa, b and c
(NR1C1, NR1C2 and NR1C3)
2.3.4.1. Physiological functions. There are several PPAR isolforms:
PPARa (NR1C1), PPARb/d (NR1C2), and PPARc (NR1C3) (Auwerx,
1992). As for LXRs, PPARs form obligate permissive heterodimers
with RXRs.

PPAR isoforms have specific tissue distribution which might ac-
count for their different functions. Indeed, these receptors have
been identified to play a role in several key physiological functions
such as in fatty acid metabolism and inflammation (Vacca et al.,
2011). PPARa is expressed in tissues with high fatty acid catabo-
lism. In liver, PPARa is maximally expressed during fasting and
regulates lipid uptake (Blavy et al., 2009), and glucose metabolism
(Jay and Ren, 2007), and detoxification (Martin et al., 2007).

PPARbd is ubiquitously expressed. PPARbd, generated null mice
are smaller, with altered brain myelinisation and adipose tissue
were smaller (Peters et al., 2000). However, the phenotype of these
knockout animals seems to be dependent on the genetic
background.

Next to these data, a protective function of PPARbd in the heart
has been proposed. Indeed, mouse model of cardiomyocyte-spe-
cific deletion of PPARb develop a dilated cardiomyopathy due to
lipotoxicity (Cheng et al., 2004).

PPARc is abundant in the white and brown adipose tissues,
where it promotes lipid storage and adipocyte differentiation and
maintenance (Tontonoz et al., 1994; Rosen et al., 1999). Further-
more, PPARc is involved in glucose metabolism via an improve-
ment of insulin sensitivity (Kubota et al., 1999; He et al., 2003;
Hevener et al., 2003).

2.3.4.2. Testicular expression pattern. (Fig. 1): Data from qPCR exper-
iments show that all three PPARs are expressed during develop-
ment in both Sertoli and germ cells (Thomas et al., 2011). In
adults, PPARs are expressed in different testicular compartments,
namely PPARa in Sertoli, Leydig cells and spermatocytes, PPARb/d
in Leydig and Sertoli cells (Schultz et al., 1999; Braissant and Wah-
li, 1998). Human testis contains PPARa and b/d, but only PPARa is
localized in Leydig cells, whereas PPARc is not expressed (Hase
et al., 2002).

2.3.4.3. Role in Leydig cells. (Fig. 2): Exposures to PPARs activators,
either pharmacological agents or endocrine disruptors decrease
testosterone levels, probably due altered de novo synthesis of cho-
lesterol in Leydig cells (Mimeault et al., 2005; Velasco-Santamaria
et al., 2011) or due to the inhibition of mitochondrial cholesterol
uptake modulated by peripheral benzodiazepine receptor protein
(Gazouli et al., 2002). PPARa agonists also by inhibit Star, Cyp11a1,
Cyp17a1 (Froment and Touraine, 2006; Li et al., 2011a,b; Corton
and Lapinskas, 2005). KO mice for PPARa or b isoforms are fertile,
confirming that basal PPAR activity is not required for sexual
development and fertility (Peters et al., 2000; Lee et al., 1995).
However, their impact remains non negligible especially in the
context of endocrine disruptors such as phthalates (Velasco-San-
tamaria et al., 2011; Barlow and Foster, 2003; Foster, 2006).
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2.3.4.4. Involvement in Sertoli cell functions. (Fig. 2): PPARc could
play an important role in the regulation of expression of key lipid
metabolic genes in Sertoli cells, during postnatal development, as
suggested by recent microarray analyses (Thomas et al., 2011).

2.3.4.5. Potential role in germ cells. (Fig. 2): PPARs are variably ex-
pressed in germ cells in different species. All three isoforms, a, b/
d and c, are expressed in germinal cells of mice (Higashiyama
et al., 2007). PPARc is present in human sperm. Rosiglitazone, a
PPARc agonist enhances capacitation, acrosome reaction and
motility of ejaculated human sperm (Aquila et al., 2006). Further-
more, PPARs are expressed in Sertoli and Leydig cells; this may
provide an environment for germ cell maturation (Huang, 2008).
All these evidences support the role of these receptors beyond lipid
homeostasis.

2.3.5. The Liver Receptor Homolog -1 (LRH-1; NR5A2)
2.3.5.1. Physiological functions. LRH-1 is highly expressed in liver,
pancreas and intestine (Repa and Mangelsdorf, 2000; Fayard
et al., 2004). LRH-1 belongs to the NR5A subfamily as SF-1. These
two receptors are closely related (Wang et al., 2005a,b). Indeed,
the high degree of sequence conservation between their DNA bind-
ing domains allows them to bind to the same hexameric elements
of the regulatory sequences of their direct target genes, suggesting
that LRH-1 could control steroidogenesis (Fayard et al., 2004).

Even though several phospholipids have been found to bind
LRH-1 in vitro (Ortlund et al., 2005), the physiological ligands re-
main unknonwn. In contrast, several corespressors are able to effi-
ciently repress the activity of LRH-1 by interacting with the
binding domain of LRH-1, and several covalent modifications,
including phosphorylation and sumoylation are known to modu-
late LRH-1 (Lee et al., 2006; Chalkiadaki and Talianidis, 2005; Yang
et al., 2009).

LRH-1 plays key role during development for cell specification
during differentiation. It also involved in the regulation of many
other metabolic, immunoregulatory and proliferative function.
LRH-1 is involved in reverse cholesterol transport and bile acid
metabolism in the liver (Fayard et al., 2004). In the intestine,
LRH-1 was shown to regulate cell renewal (Botrugno et al.,
2004). LRH-1 is also a modulator of gut functions (Fernandez-Mar-
cos et al., 2011).

LRH-1 has been shown to play key functions in ovarian physiol-
ogy ((Duggavathi et al., 2008), see Mouzat et al. this issue). Re-
cently, it was also identified as a key player in the control of
stem cell pluripotency (Heng et al., 2010).

2.3.5.2. Testicular expression pattern. (Fig. 1): During the embryonic
development, LRH-1 is expressed in the gonadal primordium since
E10.5. Then at E11.5, when the bipotential gonad can be differen-
tiated from adrenal, LRH-1 is expressed in the germ cells and the
surrounding somatic cells (Hinshelwood et al., 2005). In males,
the expression of LRH-1 is still detected in the germ cells and the
Sertoli cells during the embryonic development up to 8-days post-
natal. In the adult testis LRH-1 was found to be expressed in germ
cells as well as in Leydig cells (Pezzi et al., 2004; Sierens et al.,
2010; Volle et al., 2007c; Guo et al., 2007). These results obtained
at different times of the development including adulthood reveal
several putative roles of LRH-1 in the gonads. Indeed, the expres-
sion profiles suggest that LRH-1 could be involved in the prolifera-
tion of germ cells in the developing gonads, and also in the
regulation of the steroid synthesis in both ovary and testis. Inter-
estingly, a new lrh-1 transcript (mlrh-1v2) was recently identified
which is due to an alternative promoter. This transcript is ex-
pressed throughout embryogenesis and in several adult tissues,
while the previously known transcript (mlrh-1v1) appears later

during embryogenesis. Only mlrh-1v2 was detected in ovary and
testis (Gao et al., 2006).

2.3.5.3. Role in Leydig cells. (Fig. 2): LRH-1 is thought to modulate
steroidogenesis. Most of steroidogenic enzymes are up regulated
by LRH-1 (Mueller et al., 2006; Sirianni et al., 2002; Wang et al.,
2001a,b). It is a target for DAX-1 and SHP nuclear receptors (Volle
et al., 2007c; Suzuki et al., 2003). It interacts directly with aroma-
tase promoter up regulating its expression and promoting normal
spermatogenesis (Sierens et al., 2010). In vivo, the LRh-1+/- males
show altered testicular steroidogenesis (Volle et al., 2007c).

2.3.6. The Small Heterodimer Partner (SHP; NR0B2)

2.3.6.1. Physiological functions
SHP was identified in 1996 as a member of the nuclear receptor

superfamily that represses transcriptional activity of several other
nuclear receptors. Like DAX-1, SHP is an atypical NR as it lacks the
classical DNA-binding domain (DBD) (Seol et al., 1996).

SHP inhibits transcriptional activation of several other nuclear
receptors, it can act through several mechanisms (Bavner et al.,
2005). SHP interefers with the AF-2 coactivator domain of NRs
for the recruitment of co-activtors. It could also mediate this
repression through the interaction with corepressors including di-
rect interactions amongmammalian homolog of the Saccharomyces
cerevisiae transcriptional corepressor mSin3A, SWItch/Sucrose
NonFermentable (SWI/SNF) complexes (Kemper et al., 2004). SHP
could also interact directly with NR or transcription factor, result-
ing in the blockade of DNA-binding and the consequent inhibition
of its transcriptional activity (Bavner et al., 2005).

It is involved in fundamental biological functions and metabolic
processes. One of the first mechanism in which SHP was involved is
the regulation of bile acid synthesis (Goodwin et al., 2000; Lu et al.,
2000). In response to bile acids, FXR induces Shp transcription. This
leads to the inhibition of LRH-1, LXRa and HNF4a activities on pro-
moters of key enzymes of this pathway, Cyp7a1 and Cyp8b1. Mech-
anisms independent of the FXR/SHP/LRH pathway might also exist,
since BAs feeding to Shp!/! mice reduced the levels of CYP7A1
mRNA to similar levels of control mice. Indeed, FGF15/19 is an-
other FXR gene target in the intestine and appears to contribute
to the fine tuning of bile acid synthesis in the liver (Inagaki et al.,
2005).

Furthermore, SHP appears to play a central role in obesity. SHP-
deficient mice resist to high-fat-diet-induced obesity. Transgenic
mice that specifically expressed SHP in adipose tissue have in-
creased body weight and adiposity (Tabbi-Anneni et al., 2010). En-
ergy metabolism is increased and BAT cold exposure function is
enhanced with activation of thermogenic genes and mitochondrial
biogenesis. Compared with wild-type mice on a high-fat diet, SHP
overexpression is associated with enhanced diet-induced obesity
phenotype with weight gain, increased adiposity, and severe glu-
cose intolerance. Consistently, SHP over-expression in 3T3-L1 pre-
adipocytes inhibits cell differentiation and lipid accumulation
(Song et al., 2009).

Interestingly, mutations in human Shp gene were also associ-
ated with influence on birth weight, mild obesity, and insulin lev-
els (Hung et al., 2003; Nishigori et al., 2001; Enya et al., 2008).
Shp!/!mice are characterized by hypo-insulinemia, increased glu-
cose dependent response of islets, increased peripheral insulin sen-
sitivity, and increased glycogen stores (Wang et al., 2006a,b). SHP
has been hypothesized to act on glucose homeostasis via complex
pathways involving the inhibition of glucocorticoid receptors (GR)
in mammalian cells and the inhibition of PGC-1 gene, a coactivator
of NRs important for gluconeogenic gene expression and the
PGC-1-regulated phospho(enol)pyruvate carboxykinase (PEPCK)
promoter (Borgius et al., 2002). Following the bile acid-induced
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stimulation, SHP inhibits a number of other pathways, including
the HNF4a-mediated transactivation of the PEPCK and fructose
biphosphate (FBP) promoters (Yamagata et al., 2004; Park et al.,
2007), as well as the transactivation of the glucose-6- phosphatase
(G6Pase) promoter mediated by Foxo1 (Wei et al., 2011).

2.3.6.2. Testicular expression pattern
(Fig. 1): SHP has been demonstrated to be expressed in the tes-

tis and ovary (Bookout et al., 2006; Johansson et al., 1999). Few
data are available concerning the role of SHP in either testis or
ovary. We have demonstrated that Shp is expressed during the
postnatal development in the tubular compartment of the testis,
either in Sertoli or germinal cells. Then around puberty and in
adult testis, SHP is expressed in the interstitial cells (Volle et al.,
2007c).

2.3.6.3. Role in the Leydig cells
(Fig. 2): Being important in the regulation of cholesterol homeo-

stasis and interacting with various nuclear receptors such as FXR,
LXR and PPAR, SHP is thought to have a fundamental role in steroi-
dogenesis (Volle et al., 2007c; Brendel et al., 2002). SHP represses
steroidogenesis in testes by limiting the expression of the steroido-
genic enzymes, Star, Cyp11a1 and 3bhsd. This effect is mediated
through SF-1 and LRH-1 (Pezzi et al., 2004; Bakke et al., 2001a,b).
SHP KO mice show increased testosterone synthesis and preco-
cious sexual maturation via derepression of SF-1 and LRH-1 (Volle
et al., 2007c). These effects are independent of LH concentrations.
Interestingly, testicular LXR genes are not implicated in this regu-
lation (Volle et al., 2007c).

2.3.6.4. Potential role in germ cells
(Fig. 2): SHP regulates germ cell maturation, differentiation and

transition into meiotic phase. In Shp!/! mice, germinal cells enter
in meiosis earlier than wild-type males. This effect is indirect
through regulation of retinoic acid pathways (Volle et al., 2007c).
SHP-KO mice have increased intra testicular concentrations of all
trans- retinoic acids. Normally, SHP down regulates retinoic acid
pathway genes (Stra-8, Dmc1, Scp3, Hoxa1) by derepressing Rar.
SHP-KO mice have increased accumulation of intra testicular Stra8,
Dmc1 and Scp3. Furthermore, Cyp26b1 gene, encoding for an en-
zyme implicated in degradation of retinoic acid (Bowles et al.,
2006), is down regulated. Indeed, RARs are also expressed in germ
cells. This expression is cell specific and may vary between species
(Eskild et al., 1991). They play an important role in maturation and
the progression of spermatogenesis (Bowles et al., 2006). In mice,
RARb is expressed in step 7 and 8 spermatids and RARc in sperma-
togonia. RARa controls spermiation (Vernet et al., 2006). Mice
invalidated for RARa exhibit severe degeneration of germ cells
resulting in the production of seminiferous tubules devoid of epi-
thelium (Lufkin et al., 1993), a phenotype similar to the one ob-
served in mice with vitamin A deficiency (Ismail et al., 1990).

2.3.7. The Bile acid receptor (FXR; NR1H4)

2.3.7.1. Physiological functions
FXRa belongs to nuclear receptor superfamily which acts as an

obligatory heterodimer with retinoid X receptor (RXR) (Wang et al.,
1999). Identified in liver, intestine and kidney, it has been defined
as bile acid receptor and preferably binds to chenodeoxycholic acid
(CDCA) and its conjugated forms (Makishima et al., 1999; Wang
et al., 1999). The RXR/FXR heterodimer binds to specific IR1 (in-
verted repeat-1) sequences on target gene promoters and then reg-
ulates their transcription. FXRa has been involved in regulation of
many physiological functions (Chen et al., 2011; Hageman et al.,
2010; Trauner et al., 2010).

FXR seems to be involved in regulating bile acid (BA) biosynthe-
sis and enterohepatic cycle Indeed, Fxra!/! mice exhibit high BA
plasma levels associated with abnormal hepatic biosynthesis, due
to an alteration of FXRa-mediated negative feedback on BA biosyn-
thesis (Sinal et al., 2000). In liver, FXRa represses Cyp7a1 gene
expression, a key enzyme of BA biosynthesis. At the molecular le-
vel, this pathway involves several other members of nuclear recep-
tor superfamily, such as SHP (Small heterodimer partner, NR0B2),
LRH1 (Liver receptor homolog-1, NR5A2), or LXRa (Liver X
Receptor a, NR1H3) (Goodwin et al., 2000; Lu et al., 2000). In
hepatocytes, FXRa decreases BA uptake via repression of Na+

-taurocholate cotransporting polypeptide (NTCP), organic anion-
transporting polypeptide (OATP) -1 and OATP4 expressions
(Denson et al., 2001; Maeda et al., 2004)). It also promotes BA
excretion in bile ducts through transcriptional induction of the
specific BA transporter BSEP (Bile salt export pump) in hepatocytes
(Ananthanarayanan et al., 2001). FXRa is also involved in control-
ling lipid and glucose homeostasis as suggested by high plasma tri-
glycerides concentrations in Fxra!/! mice (Lefebvre et al., 2009;
Sinal et al., 2000) via a SHP-dependant pathway, FXRa limits tri-
glyceride synthesis. Indeed, it inhibits the expression of enzymes
involved in triglyceride synthesis such as Srebp1c, Fasn and Scd-1
(Watanabe et al., 2004). In parallel, FXRa controls blood glucose
by lowering expression of Pepck and G6Pase (Renga et al., 2012).
FXR also regulates Fgf15/19 in the intestine which contributes to
the fine tuning of bile acid synthesis in the liver (Inagaki et al.,
2005).

2.3.7.2. Testicular expression pattern
(Fig. 1): Like SHP, very few data are available regarding the

expression of Fxr in the genital tract. Northern blot analyses have
demonstrated that Fxr is expressed in both ovary and testis (Repa
and Mangelsdorf, 2000). Furthermore, we showed that Fxr is ex-
pressed in the interstitial cells of the adult testis (Volle et al.,
2007c).

2.3.7.3. Role in the Leydig cells
(Fig. 2): Fxra is expressed in the interstitium of testis (Volle

et al., 2007c). Mice treated with FXR pharmacological agonist show
induced shp mRNA expression. Interestingly, Fxr-KO mice have
normal testosterone concentrations, Shp and steroidogenic en-
zymes mRNA levels (Volle et al., 2007c). FXR has been demon-
strated to regulate steroidogenesis down regulation of the
aromatase activity in Leydig cells (Swales et al., 2006; Catalano
et al., 2010), modulation of Sult2a1, 3bhsd and 5a-reductase, en-
zymes involved in steroid synthesis, activation and deactivation
of testosterone (Catalano et al., 2010; Miyata et al., 2006). Note
thus, androsterone, a metabolic product of testosterone, is able to
activate FXR (Wang et al., 2006a,b). This could give a nice negative
feedback of the androgen synthesis where androgen metabolites
could inhibit their own production through a FXR/SHP/SF1-LRH1
pathway, as in the liver.

2.3.8. Retinoid X receptors
2.3.8.1. Physiological functions. Retinoid X receptors (RXRa, b and c)
heterodimerize with numerous nuclear receptors, which include
retinoic acid receptors (RARs), peroxisome proliferator-activated
receptors (PPARs) and liver oxysterol receptors (LXRs), and display
a ligand-dependent transcriptional activity that requires the integ-
rity of the activation function 2 (AF-2) core, contained within a-he-
lix 12 (Chambon, 1996). In nonpermissive heterodimers, RXRs are
transcriptionally inactive, unless their partners are liganded,
whereas in permissive heterodimers RXRs can be transcriptionally
active, irrespective of the presence of their partner’s ligand (Vivat
et al., 1997). Thus, permissive heterodimerization may integrate
two hormonal pathways within a single functional unit. Genetic
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evidence indicates that the highly pleiotropic developmental ef-
fects of retinoic acid are mediated by nonpermissive RXRa/RARa,
b and c heterodimers, in which the AF-2 of RXRamay either be dis-
pensable or required (Mascrez et al., 1998; Matt et al., 2003).

Regarding cholesterol homeostasis, RXR isoforms play an
important role as they form heterodimers with key ‘‘lipidic’’ nucle-
ar receptors such as LXR, PPAR and FXR as discussed above.

2.3.8.2. Testicular expression pattern. (Fig. 1): Regarding Leydig cells,
RXRa and b are the major isoforms in fetal life and RXRa and b in
adulthood (Boulogne et al., 1999). In contrast, RXRb is the main iso-
form expressed in Sertoli cells. RXRa and c are thought to be the
major isoforms of RXR expressed in germinal cells. RXRa is ex-
pressed in spermatogonia, spermatocytes and round spermatids,
while RXRc isoform is mainly found in pachytene spermatocytes
and elongated spermatids (Dufour and Kim, 1999).

2.3.8.3. Role in Leydig cells. (Fig. 2): LXRs, FXRa and PPARs, as many
other nuclear receptors, form heterodimers with RXRa. Retinoids
may have a double effect; being antioxidant, retinoic acid at phys-
iological concentrations increases Leydig cell viability, promotes its
proliferation and blocks the negative effect of oxidative stress on
steroidogenesis (Hales et al., 2005; Perri et al., 2010). In adult Ley-
dig cells, retinoids increase the basal testosterone secretion and
expression of StAR and P450c17 and decrease 3hsdB and Lhr synthe-
sis (Chaudhary et al., 1989; Lefevre et al., 1994). Vitamin A defi-
ciency is known to be associated with impaired testosterone
secretion (Appling and Chytil, 1981). Inversely, excess of retinoids
has negative effects on mass and function of Leydig cells. Animal
and cellular studies showed that high doses of retinoid reduce gen-
erally the number of somatic (Sertoli and Leydig) cells (Boulogne
et al., 1999), induce apoptosis of Leydig cells, probably due to lipid
peroxidation (Tucci et al., 2008) and may play a negative role on
steroidogenesis during fetal and adulthood life (Livera et al.,
2004). Thus, nuclear receptors for retinoids are directly involved
in regulation of Leydig cell function and may either promote or
block retinoid effect on testes during their mild deficiency or
excess.

2.3.8.4. Involvement in Sertoli cell functions. (Fig. 2): RXRb is the ma-
jor isoform expressed in Sertoli cells and it plays a key role in lipid
homeostasis in these cells. Indeed, KO mice for RXRb are infertile
with a defect in spermiation, enlightening the importance of reti-
noic acids for this step; they show a progressive lipid accumulation
in Sertoli cell cytoplasm (Kastner et al., 1996; Mascrez et al., 2004).

The dialogue between retinoic pathway and LXR is well estab-
lished, LXR deficient mice show an up regulation of gene involved
in retinoic pathways (Volle et al., 2007a,b). This could participate in
the testicular degeneration, be responsible for lipid accumulation
in Sertoli cells (Biswas and Deb, 1965) and may induce defects in
synchronization of spermiation. All these factors participate in
the phenotype of infertility in these mice (for review: (Livera
et al., 2002)).

Specific inactivation of RXRb in Sertoli cells leads to the failure
of spermatid release, accumulation of cholesterol esters and, sub-
sequently, testis degeneration (Vernet et al., 2008).

2.3.8.5. Potential role in germ cells. (Fig. 2): RXRs are also implicated
in germ cell differentiation and maturation. RXRa and c are
thought to be the major isoforms of RXR expressed in germinal
cells. RXRa is expressed in spermatogonia, spermatocytes and
round spermatids, while RXRc isoform is mainly found in pachy-
tene spermatocytes and elongated spermatids (Dufour and Kim,
1999). These isoforms are mainly described to dimerize with other
nuclear receptors in germ cells, especially RARa. Thus it is not
unexpected that animals with RXRa or c mutation be infertile, at

least because of RARa signaling dysfunction in these animals. Nev-
ertheless, RXRb null mice are infertile due to oligo-astheno-terato-
zoospermia and because of failure of spermatid release. With
aging, these mice demonstrate complete germ cell degeneration
(Kastner et al., 1996).

3. Conclusions/discussion

The development of intra-cytoplasmic sperm injection (ICSI) is
an important recent breakthrough in the treatment of male infer-
tility, but it does not treat the cause. Indeed, male fertility seems
to have declined over the last decades (Skakkebaek et al., 2006). If
testicular physiology has been considered for long for endocrine
issues, the increasing incidence of disorders might be linked with
environmental and/or compartmental features. Beside the classi-
cal steroid hormone receptors (AR, ER), reverse endocrinology
pointed out, in male fertility, the determinant role of the
‘‘orphan-adopted’’ nuclear receptors, such as those controlling
lipid homeostasis. Indeed, cholesterol plays an important role in
maintenance of reproductive functions and can be responsible of
fertility disorders.

As reviewed here, several nuclear receptors, adopted or
orphans, have been demonstrated to be key regulators of the
testis physiology. They act throughout the development from
embryo to adulthood. They clearly appear to control all the aspects
of lipid metabolism from synthesis, storage and catabolism. In the
future, these receptors may help to better understand, at the
molecular level, the association between Metabolic Syndrome
and infertility.

Here, we focus on testicular physiology; however, fertility re-
quires combined activities of several organs. Indeed, even though
the testis is the key organ for the production of the spermatozoa,
these testicular spermatozoa are not functional. They will need fur-
ther maturation during transit into epididymis. Then after ejacula-
tion, spermatozoa also need to be protected. For that purpose, the
composition (proteins and minerals) of the semen will be of major
importance to nourish, transport and to protect spermatozoa
(Gonzales, 2001). Thus its proper and successful functioning is a
key factor in male fertility.

3.1. Post-testicular maturation

The epididymis plays an important role in their maturation. In-
deed, spermatozoa leaving testes are neither mobile nor fertile;
they are submitted to different modifications in the epididymis
and female genital tract to be fertile (Yanagimachi, 1994). Sperm
maturation in the epididymis includes morphological modifica-
tions affecting protein and lipid composition (Rejraji et al., 2006).
These modifications render spermatozoa mobile.

Cholesterol is found in spermatic membrane. Cholesterol to
phospholipid ratio affects membrane fluidity and determines sper-
matic mobility, capacitation and acrosomial reaction (Motamed
Khorasani et al., 2000). During their maturation, spermatozoa lose
cholesterol in favor of desmosterol and undergo different modifica-
tions in concentrations of different phospholipidss to promote
membrane fluidity (Haidl and Opper, 1997; Jones, 1998; Travis
and Kopf, 2002).

A study of sterols and phospholipid repartition in spermatozoa
and seminal fluid in hypercholesterolemic patients did not show
any modification compared to normocholesterolemic patients
(Grizard et al., 1995). Other studies showed that a statin treatment,
changing plasma cholesterol levels, does not affect sperm quality,
or slightly alter sperm mobility (Farnsworth et al., 1987; Nieder-
berger, 2005; Purvis and Christiansen, 1992).

Cholesterol homeostasis in epididymal microenvironment is
not well understood. Few studies have been performed on the con-
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trol of this process and on its effects on sperm maturity. ABC pro-
teins are expressed on spermatozoa membrane (Morales et al.,
2008). They may be responsible for cholesterol efflux from sperma-
tozoa, which will be liberated to apolipoproteins secreted from
epidididymis and implicated in sperm maturation (Law et al.,
1997).

LXRs are implicated in lipid homeostasis in different organs
(Volle and Lobaccaro, 2007a), LXRa and b are expressed in caput
and cauda epididymides, LXRb being the highest (Frenoux et al.,
2004). LXR!/! mice are characterized by the loss of epithelial
height due to epithelial cell apoptosis and lipid accumulation in
peritubular and interstitial compartments of first and second parts
of epididymis caput. Gametes obtained from the tail of epididymis
of these mice are fragile (Frenoux et al., 2004; Saez et al., 2007).
Further evaluation demonstrated cholesteryl ester accumulation
due to down regulation of cholesterol trafficking protein (ABCA1)
in caput epididymides which is segmental specific (Ouvrier et al.,
2009).

3.2. Post-ejaculation

Coagulation occurs immediately after ejaculation. This step is
important to allow all spermatozoa to be in contact with the nutri-
ents in the semen. It promotes sperm motility, increase stability of
sperm chromatin, and suppress the immune activity in the female
reproductive tract to avoid rejection of spermatozoa (Gonzales,
2001). Secretion of the seminal vesicles and prostate constitutes
the majority of the ejaculates.

3.2.1. Seminals
This organ is mainly under the control of androgens (Fujii,

1977) as proved by its regression during castration experiments.
So far independently of hormonal alteration, the potential role of
the other ‘‘lipidic’’ nuclear receptor discuss above have not been
studied. The measurement of seminal fructose is used as a marker
of the seminal vesicle function (Gonzales and Villena, 2001).

3.2.2. Prostate
The prostate works in conjunction with the seminal vesicles and

Cowper’s glands which also participate to sperm production.
Prostate secretions have huge impact on fertility as they are in-

volved at many levels. Zinc in prostate fluid can kill bacteria, in or-
der to protect the prostate gland and the whole genito-urinary
system (Cowan et al., 1991). There is also some nutritive material
for sperm. Prostate fluid can neutralize the acid in vagina to ensure
the survival of sperm. At least, protease and fibrinolytic enzyme in
the prostate fluid can help the sperm to get through the mucus at
cervix of womb and ZP zona pellucida of the egg, so that the egg
can be fertilized ((Espana et al., 2007; Quinn and Begley, 1984).

Many studies have associated the potential impact of PPAR, FXR
or LXR in the context of the tumor processes, modulating prolifer-
ation, apoptosis or migration (Kim et al., 2009; Pommier et al.,
2010; Jiang et al., 2011; Kaeding et al., 2008). In the context of this
review on the link between secretion and fertility one recent article
could be of interest. Indeed Viennois et al. demonstrate that in
Lxra!/! secretion process was altered (Viennois et al., 2012).
These mice develop ventral prostate hypertrophy, correlating with
an overaccumulation of secreted proteins in prostatic ducts and an
alteration of vesicular trafficking in epithelial cells. In the fluid of
the lxra(!/!) prostates, spermine binding protein is highly accu-
mulated. These data point out the crucial role of Lxra in the
homeostasis of the ventral prostate. It is not excluded that such
alteration of prostate secretion could have an impact on sperm
quality.

3.3. From infertility to cancer?

There are evidences that infertility may predispose to the devel-
opment of testicular cancer (Hotaling and Walsh, 2009). Men seek-
ing infertility treatment had an increased risk of developing
testicular cancer (Walsh et al., 2009). Testicular cancer is the most
common malignancy in 20- to 34-years-old males (Ziglioli et al.,
2011). It has been stated that testicular cancer derives from a pre-
cocious lesion, the carcinoma in situ of the testis, also known as
Intratubular Germ Cell Neoplasia (IGCN) or Testicular Intraepithe-
lial Neoplasia (TIN) (Ziglioli et al., 2011). It is hypothesized that the
molecular and genetic alterations responsible for this pathology
could take place during embryonic development. This is the basis
of the Testicular Dysgenesis Syndrome, which sustains the poten-
tial involvement of endocrine disrupters in such pathology
(Skakkebaek et al., 2001).

Interestingly, dietary patterns play a role on cancer develop-
ment such as prostate tumors (Sebastiano et al., 2012). Indeed,
some epidemiological and animal studies have reported a relation
between the increase of fat intake and incidence of cancers. For
example, some studies have proved that effects on these cancers
are greatly different by the type of fatty acids contained in the fatty
diet rather than the quantity of the fat intake itself (Swinnen et al.,
2006).

Regarding the emerging role of lipid metabolism in the develop-
ment and the progression of tumors (Brusselmans et al., 2007),
these ‘‘lipidic’’ nuclear receptors could be of interest in the context
of testicular cancer. So far, few data are available on a potential role
of these nuclear receptors in the etiology of this pathology. How-
ever, it was recently described that PPARc is highly expressed in
human testicular cancers compared to normal tissues (Hase
et al., 2002).

3.4. Potential therapeutic targets?

Thus, a new field of investigations is now open which suggests
several questions to be answered. Indeed, are there, in human
infertility, some mutations of these NRs or deregulated pathways
activated by the NRs? Could these transcription factors be used
as therapeutical targets? Such ideas have been reported by many
authors for almost all the orphans reviewed here, and this in many
different diseases (Viennois et al., 2011; Decourteix and Volle,
2010). The challenge will be to develop strategies that will allow
targeting some of this receptors at specific timing and specific cel-
lular localization. The road will be long before using any synthetic
agonist to treat human infertility, but the gate is open. . ..
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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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Supplementary data 

Figure S1. Representative pictures of eosin/hematoxylin stained testis of 45 day of age. Testes 

were collected, fixed, and embedded in paraffin, and 4- to 6-!m-thick sections were prepared and 

stained with hematoxylin/eosin. Magnification x 20. 
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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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Fig. 1. Effects of neonatal DES treatment on body mass, testis somatic index and nuclear receptors mRNA accumulation. (A) Body mass and somatic index have been
arbitrarily fixed at 1 for vehicle-treated wild-type and Lxr"/" mice. Measurements were done at 10 and 45 days of age. Histograms represent mean ± SEM; N = 8–15 animals
per group. Statistical analysis: ⁄⁄⁄p < 0.001 vs. vehicle treated mice; ⁄⁄⁄⁄p < 0.0001 vs. vehicle-treated mice. (B) Nuclear receptor encoding mRNAs were measured by qPCR.
Vehicle-treated wild-type and Lxr"/" mice were arbitrarily fixed at 1. Measurements were done on testis collected at 45 days of age. Histograms represent mean ± SEM;
N = 8–15 animals per group. Statistical analysis: ⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001; ⁄⁄⁄⁄p < 0.0001 vs. vehicle-treated mice.
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Figure S2. Representative pictures of oil-red O stained testis of 45 day of age. Red vacuoles 

indicate the presence of neutral lipids. Lipid staining was performed on cryosections with 1,2 

propanediol for 1 min and in Oil red O (Sigma-Aldrich) at 60 C for 7 min. Nuclei and cytoplasm were 

stained in Harris’ hematoxylin solution (Sigma-Aldrich) for 1 min. Magnification x20. 
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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. 2. Effects of neonatal DES treatment on cell apoptosis and proliferation and on meiosis and mitosis markers. (A) Cell apoptosis index (left panel) and cell proliferation
index (right panel) determined by TUNEL analysis and Ki67 staining, respectively. Vehicle-treated wild-type and Lxr!/! mice were arbitrarily fixed at 1. Measurements were
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mice. (B) Meiosis and mitosis marker encoding mRNA were measured by qPCR. Vehicle-treated wild-type and Lxr!/! mice were fixed at 1. Histograms represent
mean ± SEM; N = 6-8 animals per group. Statistical analysis: ⁄p < 0.05; ⁄⁄p < 0.01; ⁄⁄⁄⁄p < 0.0001 vs. vehicle-treated mice.
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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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a b s t r a c t

Enolase is a glycolytic enzyme known to inhibit cholesteryl ester hydrolases (CEHs). Cholesteryl ester
loading of macrophages, as occurs during atherosclerosis, is accompanied by increased Enolase protein
and activity. Here, we describe that J774 macrophages treated with LXR agonists exhibit reduced Enolase
transcript and protein abundance. Moreover, we show that this reduction is further potentiated by
activation of the LXR/RXR heterodimer with the RXR ligand 9-cis retinoic acid. Enolase levels are also
reduced in vivo following activation of LXRs in the intestine, but not in the liver. This effect is lost in
Lxrab!/! mice. In aggregate, our study identified Enolase as a new target of LXRs in vivo, which may
promote cholesterol mobilization for subsequent efflux.

! 2015 Elsevier Inc. All rights reserved.

1. Introduction

The enzyme Enolase (ENO1, EC.4.2.1.11) acts in glycolysis to
convert 2-phosphoglycerate to phosphoenolpyruvate. Twenty
years ago, Shand and West had proposed that next to its glycolytic
function Enolase can also inhibit cholesteryl ester hydrolases
(CEHs) [1,2]. The transition of macrophages to ‘‘foam cells’’ in the
atherosclerotic plaque is accompanied by storage of cholesterol
esters in lipid droplets [3,4]. This process, which can be mimicked
experimentally in vitro by loading macrophages with acetyl-LDL or
oxidized-LDL, requires enhanced cholesterol esterification activity.
Accordingly, cholesterol loading of macrophages results in a
marked increase in ENO1 protein [5,6], which can potentially
inhibit CEHs on the surface of lipid droplets [7,8].

The Liver X Receptor-a and -b (LXRs, NR1H3 and NR1H2,
respectively) are members of the nuclear receptor superfamily that
play a central role in controlling cholesterol homeostasis [9,10]. In
macrophages, LXRs can decrease the cellular sterol burden by
inducing expression of the cholesterol efflux transporters Abca1

and Abcg1 [11,12], and by limiting uptake of LDL-derived
cholesterol due to induction of Idol, an E3 ubiquitin ligase that
promotes lysosomal degradation of the LDLR [13]. Despite the
crucial role of LXRs in cholesterol homeostasis, their effect on
cellular cholesterol storage is not well understood. Through
transcriptional profiling, we have identified that Enolase is subject
to LXR-dependent regulation [14]. Here, we show that Enolase
transcript and protein abundance are reduced by LXRs in macro-
phages and intestine and discuss the impact this may have on
mobilization of cholesterol towards efflux pathways.

2. Materials and methods

2.1. Cell culture and treatments

J774-A1 murine macrophage cell line was cultured in DMEM
medium supplemented with L-glutamine (2 mM), penicillin strep-
tomycin (100 lg/ml) and 10% of Fetal Bovine Serum. Twenty-four
hours after seeding, cells were treated with synthetic LXR agonists,
GW3965 (Sigma–Aldrich, L’Isle d’Abeau, France) or T0901317 (Cay-
man Chemical, Montigny-le-Bretonneux, France) and/or RXR ligand
9-cis RA (Sigma–Aldrich) diluted in DMSO as indicated in the figure
legends in a 1% lipoprotein-deficient serum (LPDS) medium.

http://dx.doi.org/10.1016/j.steroids.2015.02.010
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2.2. Animals

Mice lacking Lxra and Lxrb (LXR double knockout mice) and
their wild-type controls were maintained and housed as previously
described [14]. Male mice were orally gavaged daily with methyl-
cellulose or 25 mg/kg T0901317 for 3 consecutive days. Animals
were sacrificed at day 4, and organs collected and stored at
!80 !C prior to RNA or protein extraction, or paraformaldehyde
(PFA)-fixed and embedded in paraffin for immunofluorescence
experiments. All experiments were approved by the local Regional
Ethics Committee.

2.3. RNA and real-time quantitative PCR

Total RNAwas extracted using TRIzol reagent (Life Technologies,
Saint Aubin, France) according to manufacturer instructions. RNA
was reverse transcribed to cDNA with 200 U of Moloney murine
leukemia virus-reverse transcriptase (Promega, Charbonnières,
France), 5 pmol of random primers (C1181, Promega), 40 U RNAsin
(Promega), and 2.5 mM deoxynucleotide triphosphate mix. Quanti-
tative PCRwas performed on aMastercycler epRealplex (Eppendorf,
LePecq, France) using MESA GREEN quantitative PCR masterMix
Plus for SYBR (Eurogentec, Angers, France). Primer sequences are:
mAbca1 Fw: 50-GGAGCTGGGAAGTCAACAAC-30, mAbca1 Rev: 50-
ACATGCTCTCTTCCCGTCAG-30; mAbcg1 Fw: 50-GCTGTGCGTTTTGTG
CTGTT-30, mAbcg1 Rev: 50-TGCAGCTCCAATCAGTAGTCCTAA-30;

mEno1 Fw: 50-TGATCCTGCCTGTGGGGGCA-30; mEno1 Rev: 50-GCCG
GCCTTTGCGATTGCAG-30; m36b4 Fw: 50-GTCACTGTGCCAGCTCA-
GAA-30, m36b4 Rev: 50-TCAATGGTGCCTCTGGAGAT-30.

2.4. Western blotting

Proteins from J774-A1 cells or mice organs were extracted,
transferred and detected as described previously [15]. Primary
antibodies used are the following: ABCA1 (NB400-105, Novus
Biologicals, Littleton, CO), ENO1 (#3810, Cell Signaling, Danvers,
MA), a-Tubulin (T6074, Sigma Aldrich), ABCG1 (NB400-132, Novus
Biologicals) and GAPDH (NB300221, Novus Biologicals). Detection
was performed using HRP-conjugated secondary antibodies
(P.A.R.I.S., Compiègne, France) and Western Lightning System kit
(Perkin Elmer, Villebon s/ Yvette, France) on a MF-ChemiBIS imager
(DNR bio-imaging systems, Jerusalem, Israel).

2.5. Immunofluorescence

Following necropsy, jejunum was collected, paraformaldehyde
(PFA)-fixed, embedded in paraffin, and 5-lm-thick sections were
prepared for immunofluorescence analysis as described previously
[14]. Antibody used was ENO1 (#3810, Cell Signaling). Stained
slides were visualized with a Carl Zeiss Axiocam digital camera
on a Zeiss Axioplan 2 microscope.

Fig. 1. LXRs agonists decrease Eno1 expression in J774 macrophages. (A) Eno1 and Abca1 expression levels were quantified by RTqPCR on cells treated with 0, 0.5, 1, 3 and
5 lM of T0901317 for 8 h. (B) Expression levels of Eno1 and Abca1were monitored on cells incubated with 5 lM of T0901317 for 48 h. (C) Expression levels of Eno1 and Abca1
were analyzed on cells incubated with either 3 lM of T0901317 or 3 lM of GW3965 for 24 h. (D) Eno1 and Abca1 expression were quantified on cells incubated for 24 h with
3 lM of T0901317 and/or 3 lM of 9-cis retinoic acid. RTqPCR were normalized using 36b4 gene expression. Analyzes results from three independent experiments of each
realized in triplicates Data are expressed as the means ± SEM. Statistical analysis: ⁄p < 0.05 and ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001.
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2.6. Statistical analysis

Values are expressed as means ± SEM. Statistical comparisons
were performed using a two-tailed Student’s t test. A p < 0.05
was considered statistically significant.

3. Results

3.1. Inhibition of Eno1 expression by LXR agonists

To investigate the potential role of LXRs in regulation of Eno1
expression, we tested the effect of T0901317, a LXR synthetic
ligand [16], treatment in J774 cells, which represent an established
murine macrophage cell line. In these cells, we observed dose-
dependent repression of Eno1 by LXR activation, upon 8 h, that

was mirrored by a concomitant upregulation of the canonical
LXR target gene Abca1 (Fig. 1A). The repression of Eno1 expression
by LXRs was stable and maintained over time, as it was still
observed after 48 h of treatment with T0901317 (Fig. 1B). To fur-
ther establish involvement of LXRs we challenged J774 macro-
phages with a second LXR synthetic agonist, GW3965 [17].
Inhibition of Eno1 expression in response to GW3965 treatment
was similar to that observed with T0901317 (Fig. 1C). There is
ample evidence demonstrating that LXRs bind their obligate
heterodimer partner RXR to form a permissive nuclear receptor
complex that can be activated by ligands of any of the two interact-
ing receptors, often with additive/synergistic transcriptional activ-
ity [18]. We tested this idea by treating the cells with either
synthetic ligands of LXR, RXR, or a combination of both. As depict-
ed in Fig. 1D, concomitant stimulation of LXR and RXR using

Fig. 2. ENO1 protein accumulation is decreased by LXRs agonists in J774 macrophages. (A) ENO1 and ABCA1 accumulations were quantified by western blot on cells treated
with 0, 1, 3 and 5 lM of T0901317 for 48 h. (B) ENO1 and ABCA1 accumulation levels were analyzed on cells incubated with 48 h of T0901317 (3 lM) or GW3965 (1 lM)
treatments. (C) ENO1 and ABCA1 accumulation were quantified on cells incubated for 48 h with 3 lM of T0901317 and/or 3 lM of 9-cis retinoic acid. Signals are normalized
using GAPDH signal quantification. Pictures are representative and results from at least three independent experiments. Data are expressed as the means ± SEM. Statistical
analysis: ⁄p < 0.05 and ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001.
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T09013147 and 9-cis retinoic acid, respectively, results in an addi-
tive decrease in Eno1 transcript levels, suggesting that Eno1 repres-
sion depends on RXR/LXR heterodimer activity. LXR and/or RXR
stimulation induces a parallel induction of Abca1, as expected.

3.2. LXR stimulation decreases ENO1 protein abundance

To address whether the reduction in Eno1 transcript is
paralleled by a decrease in abundance of Enolase protein ENO1 in
murine macrophages, we monitored its level by western blot. After
T0901317 treatment, the level of ENO1 decreased in a dose depen-
dent manner (Fig. 2A), whereas ABCA1 protein was conversely
increased. Furthermore, treatment of J774 macrophages using
GW3965 resulted in a comparable reduction in ENO1 abundance
to that observed with T0901317 (Fig. 2B). In line with their addi-
tive effect on Eno1 transcript, treatment of macrophages with both
T0901317 and 9-cis retinoic acid dramatically decreased the level
of ENO1 (Fig. 2C). Collectively, these results indicate that the
LXR/RXR heterodimer represses Eno1 expression and as a conse-
quence reduces the level of Enolase protein in murine
macrophages.

3.3. LXRs regulate Enolase in vivo

To further establish LXRs as regulators of Eno1, we measured
the levels of Enolase in mice that have been pharmacologically
dosed with methylcellulose or T0901317. We found that treating
mice with the LXR ligand resulted in a marked reduction in

ENO1 in intestine, but not in liver (Fig. 3A, upper panel). Support-
ing the role of LXR in regulating Enolase levels in vivo we found
that the protein level of Enolase remains insensitive to T0901317
in the intestine of Lxrab!/! mice. We also determined the level
of ABCA1 and ABCG1 in the intestine and liver, respectively, and
the increase in their protein abundance serves as a positive con-
trols for LXR activation in wild-type mice. Interestingly, although
T0901317 did not change ENO1 abundance in the liver of wild type
or in Lxrab!/! mice, mice lacking LXRs have a lower level of
detectable Enolase protein in both organs (Fig. 3A). These findings
suggested that although ENO1 abundance is repressed by LXR
stimulation, their expressions are required for a normal basal
expression. Conversely to Abcg1 expression, Enolase regulation
seems to occur at the post-transcriptional level given that Eno1
expression remains unchanged in liver whatever the genotype
and treatment (Fig. 3B). We also determined the level of Eno1
and Abca1 expression in the intestine. These were largely in agree-
ment with the western blotting results showing a decrease in Eno1
and increase in Abca1 following ligand treatment. (Fig. 3B). In
Lxrab!/! mice the ability of the ligand to increase Abca1was abol-
ished, as expected. Unexpectedly, we found that loss of LXRs
reduces basal levels of Eno1, which likely explains the reduced
Enolase protein (Fig. 3A). Finally, we investigated ENO1 represen-
tation in situ using intestine slides and confirmed a decreased sig-
nal in villi of mice challenged with T0901317 (Fig. 4). Altogether,
these findings therefore suggest that the influence of LXRs on
Eno1 in vivo is complex and likely involved direct and indirect
transcriptional processes.

Fig. 3. Enolase is regulated by LXRs in vivo. (A) ENO1, ABCA1 and ABCG1 accumulations were quantified by western blot on intestine and/or liver samples from wild type
(white squares) and Lxrab!/! mice (black squares) gavaged with methylcellulose (vehicle) or T0901317 (25 mg/kg) (n = 6/8 animals per group). (B) Eno1, Abca1 and Abcg1
expression levels were quantified by RTqPCR on intestinal and/or liver samples from wild type (white squares) and Lxrab!/! (black squares) as (A). RTqPCR were normalized
using 36b4 gene expression. Data are expressed as the means ± SEM. Statistical analysis: ⁄p < 0.05 and ⁄⁄p < 0.01; ⁄⁄⁄p < 0.001.
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4. Discussion

We report herein the regulation of Enolase by LXRs. The major
finding of this study is that activated LXRs decrease Eno1 expres-
sion and corresponding protein levels in murine macrophages
and in vivo in a tissue-specific and LXR-dependent manner.

Despite being an important metabolic enzyme the regulation of
Eno1 expression is poorly understood. Recently, Cai et al. reported
that Estrogen-Related Receptors (ERRs) a, b, and c (NR3B1, 2 and 3,
respectively) can bind and drive transcriptional activity of the Eno1
promoter in cooperation with hypoxia-inducible factors under
hypoxic conditions [19]. Expression of ENO1 is also highly respon-
sive to proinflammatory signals such as IL- 1b, IL-6, PGE2, or TNF-a
in peripheral blood mononuclear cells [20]. These cytokines, large-
ly acting through the NF-jB pathway, increase expression of ENO1
as part of the inflammatory program. Our finding that LXRs are
potent repressors of Eno1 expression further illustrates the com-
plex regulation of this enzyme. An important question that
emerges from our study relates to the mechanism underlying
repression of Eno1 expression by LXRs. LXR binding has been

observed by ChIP-seq analysis in the vicinity of the ENO1 gene in
human macrophages [21]. However, careful in silico analyses of
both human and mouse promoters failed to reveal potential bind-
ings sites (not shown). Alternatively, it is well established that LXR
are potent anti-inflammatory factors in macrophages, largely due
to their ability to trans-repress inflammatory gene signaling
[22,23]. Accordingly, ligand activated LXRs inhibit expression of
NF-jB-responsive genes such as COX2, iNOS and MMP-9 during
the inflammatory response [24]. Given that ENO1 gene expression
is also enhanced by NF-jB signaling we postulate that repression
of Eno1 by LXRs may follow a similar mechanism, an hypothesis
that warrants future studies. The question is still open in the con-
text of human macrophages. Preliminary data lead us to confirm
that ENO1 regulation by LXRs is present in THP1 human cell line
(data not shown) but occurs only at the protein level. This observa-
tion suggest that molecular mechanism underlying Eno1 regulation
by LXRs is complex and probably organism specific.

In the context of cellular cholesterol homeostasis regulation of
Eno1 is of particular interest. There is ample evidence pin pointing
changes in ENO1 abundance as a key determinant in the

Fig. 4. Enolase accumulation is decreased in intestine villi. Immunofluorescence detection of ENO1 on intestine slides from wild type mice dosed with methylcellulose
(methyl) as a vehicle or T0901317 (25 mg/kg). Scale bar represent 100 lm.
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transformation of macrophages to ‘‘foam cells’’ in response to
cholesterol loading [5,6]. Shand and West [2] demonstrated that
ENO1 inhibits activity of CEHs. Together with increased ENO1
expression this activity may contribute to enhanced-cholesteryl
ester accumulation in macrophages loaded with lipoprotein-
derived cholesterol. Whereas the roles of LXRs in cholesterol efflux
and uptake are well established, their effect on cholesterol-ester
storage is less-well studied. In this context, it is interesting to point
out some oxysterols, which are endogenous LXR ligands, are
reported to modulate cholesterol esterification by ACAT1 and 2
independent of LXRs activation [25–28]. Nevertheless, mobiliza-
tion of cholesterol from intracellular pools to the plasma mem-
brane is an essential step in cholesterol efflux [29]. Indeed, NPC1
and NPC2 are required for efficient cholesterol efflux supported
by cholesterol transporters such as ABCA1 and ABCG1 [30]. Fur-
thermore, overexpression of CEH have been shown to enhances
cholesterol elimination and reverse cholesterol transport in vivo
[31]. Repression of Enolase expression by activated LXRs could
therefore relieves their inhibition of CEH activity and enhances
cholesteryl ester hydrolysis in macrophages. This in turn could
provide a source of free cholesterol that is accessible to cholesterol
efflux transporters (Fig. 5). In conclusion, Enolase repression by
LXRs could represent a novel regulation node of cholesterol home-
ostasis network within the cell.
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a b s t r a c t

Bile acids (BAs) are cholesterol metabolites that have been extensively studied these last decades. BAs
have been classified in two groups. Primary BAs are synthesized in liver, when secondary BAs are
produced by intestinal bacteria. Recently, next to their ancestral roles in digestion and fat solubilization,
BAs have been described as signaling molecules involved in many physiological functions, such as
glucose and energy metabolisms. These signaling pathways involve the activation of the nuclear receptor
FXRa or of the G-protein-coupled receptor TGR5. These two receptors have selective affinity to different
types of BAs and show different expression patterns, leading to different described roles of BAs. It has
been suggested for long that BAs could be molecules linked to tumor processes. Indeed, as many other
molecules, regarding analyzed tissues, BAs could have either protective or pro-carcinogen activities.
However, the molecular mechanisms responsible for these effects have not been characterized yet. It
involves either chemical properties or their capacities to activate their specific receptors FXRa or TGR5.
This review highlights and discusses the potential links between BAs and cancer diseases and the
perspectives of using BAs as potential therapeutic targets in several pathologies.

! 2012 Elsevier Masson SAS. All rights reserved.

1. Introduction

1.1. Physico-chemical function and biosynthesis: old stories.

With cholesterol, phospholipids and bilirubin, bile acids (BAs)
are the main component of bile. Present in digestive tract during
the meal, they ensure fat solubilization and emulsification and thus
promote digestion [1]. This property is mainly due to their
amphipathic nature.

In adult human, around 500 mg of cholesterol are converted into
BAs per day. Their synthesis takes place in liver and involves a series of
enzymatic modifications of cholesterol at both sterol ring and lateral
side chain. There are two different synthetic pathways. The first one,

known as classical pathway, involves CYP7A1 and CYP8B1, the second
named alternative pathway, involves cytochromes CYP27A1 and
CYP7B1. Both syntheses lead respectively to production of so-called
primary BAs: cholic acid (CA) and chenodeoxycholic (CDCA) [2]
(Fig. 1). BAs greatly differ between species. It has to be noticed that
mice present muricholic acids derived from chenodeoxycholic acid
which is more hydrophobic and less toxic for cells than CDCA.

During the entero-hepatic cycle, in distal ileum as well as in
colon, small part of BAs could be deconjugated and enzymatically
modified by intestinal microflora [3]. These transformations lead to
secondary BA, namely deoxycholic acid (DCA) and lithocholic acid
[4], respectively originating from CA and CDCA [4]. By the end,
conjugated BAs represent 98% of the pool.

In liver, primary and secondary BAs are coupled with amine
residues (glycine or taurine) leading to production of amphipathic
bile salts tauro- and glyco-conjugated and stored in gallbladder.
After meal BAs and their conjugates are delivered in duodenum to
facilitate digestion and absorption of fats and liposoluble vitamins
in the intestine throughout the enterocyte barrier (Fig. 2). Indeed,
BAs are transported from apical surface into enterocytes by the
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apical sodium-dependent BAs transporter ASBT (Apical Sodium-
Dependent Bile Acid transporter). Then, BAs are bound to the ileal
BA binding protein IBABP, transported across cell to basolateral
membrane, and exported by the heterodimeric organic solute
transporter OSTa/b [5].

In ileum and colon, the majority of BAs (95%) is reabsorbed and
recycled in liver. Thus, neo-synthesized BAs can be excreted again,
20e40 times during digestion. This recycling mechanism, called
entero-hepatic cycle, involves a system of tightly regulated trans-
porters ensuringnotonly themaintenance of BAsmetabolism, but also
the control of cholesterol homeostasis fromwhich theyare derived [6].

1.2. BAs as cell signaling molecules: a new story begins.

In addition to their mechanical role, BAs have been described as
signaling molecules binding two specific receptors: the nuclear
receptor Farnesol-X-receptor (FXRa, NR1H4) and G-protein-coupled
receptor TGR5 (GPBAR1, G-protein-coupled bile acid receptor).

1.2.1. The nuclear receptor for bile acids: FXRa
Identified in liver, intestine, or kidney, FXRa belongs to nuclear

receptor superfamily [7]. More potent ligands for FXRa are CDCA
and its conjugated forms [8]. It acts as an obligatory heterodimer
with retinoid X receptor (RXR). This heterodimer binds to specific
IR1 (inverted repeat-1) sequences on target gene promoters and
then regulates their transcription. FXRa has been involved in
regulation of many physiological functions. Among them, mouse
model invalidated for Fxra gene (Fxra!/!), allows to highlight its
involvement in regulating BAs biosynthesis and entero-hepatic
cycle [9]. Fxra!/! mice exhibit high BA plasma levels associated
with abnormal hepatic biosynthesis, due to an alteration of FXRa-
mediated negative feed-back on BA biosynthesis. The molecular
mechanisms involved have been described (Fig. 3). In liver, FXRa
represses Cyp7a1 gene expression, a key enzyme of BA biosyn-
thesis. At molecular level, in mouse models, this pathway involves

several othermembers of nuclear receptor superfamily, such as SHP
(Small heterodimer partner, NR0B2), LRH1 (Liver receptor
homolog-1, NR5A2), or LXRa (Liver X Receptor a, NR1H3) [10]. It is
interesting to note that in human, the regulation of Cyp7a1 doesn’t
not exist, what highlights the differences between species [11].
In parallel, FXRa protects liver from toxic effects of accumulated
BAs. In hepatocytes, FXRa decreases BA uptake via repression of
Naþ-taurocholate cotransporting polypeptide (NTCP), organic
anion-transporting polypeptide (OATP)-1 and OATP-4 expressions
[12]. It also promotes BA excretion in bile ducts through tran-
scriptional induction of the specific BA transporter BSEP (Bile salt
export pump) in hepatocytes [6]. This effect is related to BA
decreased excretion in digestive tract of Fxra mutant mice [9].

FXRa is also involved in controlling lipid and glucose homeo-
stasis as suggested by high plasma triglycerides concentrations
in FXRa!/! mice [13] (Fig. 3). Via a SHP-dependant pathway,
FXRa limits triglyceride synthesis. Indeed, it inhibits the expression
of enzymes involved in triglyceride synthesis such as sterol-
regulatory-element-binding (SREBP1-c), fatty-acid-synthase
(FASN) and stearoyl coenzyme A desaturase-1 (SCD-1) [14]. In
parallel, FXRa controls blood glucose by lowering expression of
phosphoenolpyruvate carboxykinase (PEPCK), a key enzyme of
gluconeogenesis, and glucose-6-phosphatase (G6P) involved in
glycogenolysis reactions [15] (Fig. 3).

1.2.2. G-protein-coupled receptor for BAs: TGR5
TGR5 is a member of G-protein-coupled receptors family with

seven transmembrane domains. It has been recently recognized as
BA receptor [16] more particularly for LCA and DCA [17]. TGR5
agonist activates protein kinase-A (PKA) pathway leading to cAMP-
responsive-element-binding protein (CREB) phosphorylation
which induces expression of its target genes, even though most of
these transcriptional targets need to be identified (Fig. 4).

Expressed predominantly in liver, intestine or brown adipose
tissues, TGR5 has been implicated in regulation of multiple

Fig. 1. Schematic representation of pathways of BA synthesis. BA synthesis takes place in the liver. They are formed from cholesterol. The classical pathway involves among other
cytochromes CYP7A1, CYP27A1 and CYP8B1; alternative pathway involves cytochromes CYP27A1 and CYP7B1. Both lead to the production of primary BAs, cholic acid (CA) and
chenodeoxycholic (CDCA). Then, they are converted into secondary BAs by bacterial flora in the ileum: deoxycholic acid (DCA) and lithocholic [4], respectively.
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metabolic functions. TGR5 knockout mice are predisposed to
obesity in response to high fat diet [18]. This is consistent with the
fact that, in response to BAs, TGR5 promotes energy expenditure
through thyroid hormone T3 activation by the iodothyronine dei-
odinase 2 enzyme (DIO2) [19]. This increases b-oxidation of fatty
acids in brown adipose tissue or skeletal muscle, in mouse and
human cells, and thereby promotes the conversion of fat into
energy. Next to this, it has been demonstrated that, through GLP-1
synthesis regulation in entero-endocrine cells [20], TGR5 partici-
pates in insulin release from pancreas, and then favors glycemia
regulation.

2. Bile acids and gastro-intestinal cancer development

2.1. Esophagus adenocarcinoma

With an incidence increasing in western countries over the past
decades, esophageal cancer is the seventh leading cause of cancer-
related death worldwide [21]. There are two main histological
types of esophageal cancers, squamous cell carcinoma and adeno-
carcinoma. It is now well established that Barrett’s esophagus (BE)
constitutes a major risk factor for esophageal adenocarcinoma (EA)
development [22]. Indeed, recent data consider that patients with
BE disease have an estimated 30e125 fold increased risk of
developing esophageal cancers [23]. BE syndrome is defined by
presence of metaplastic lesions where damaged squamous cells are
replaced by columnar epithelium. This phenomenon occurs during
healing of esophageal mucosal injury typically triggered by gastro-
esophageal reflux diseases (GERD) [24e26]. Characterized by an

incompetence of the lower esophageal sphincter and a disturbed
clearance of esophagus, this pathology increases esophagus expo-
sure not only to acidity from stomach but also to BAs from
duodenum [24].

2.1.1. BAs and esophagus diseases
The involvement of BAs in the progression from BE disease to EA

is nowwell established. Indeed, many studies in humans show that
not only concentration, nature but also length of exposure of
mucous membranes to BAs are correlated with the degree of
pathology [24,27,28].

Several surgical models of GERD have been shown to result in EA
development without exogenous carcinogen [29e31]. Further-
more, one study shows that zinc deficient diet containing DCA
supplementation increases reactive oxygen species (ROS) produc-
tion and leads to BE-like lesions in mice [32]. Moreover, ex-vivo and
in vitro experiments, using either biopsies or cell lines derived from
patients with GERD, show that exposure to BAs induces expression
of inflammatory mediators (e.g. Interleukin-8 (IL-8), cyclo-
oxygenase (COX-2)), oxidative stress and DNA damage that could
be linked to mutational events leading, over a longer period, to
development of resistant apoptotic cells and ultimately cancer [33].

However, the exact molecular pathways involved remain
unclear. Few studies have investigated the implication of BAs
receptors in the development of BE disease and adenocarcinoma.

2.1.2. Is FXRa involved?
2.1.2.1. FXRa expression and disease progression. The first evi-
dence suggesting the involvement of FXRa in BE disease and

Fig. 2. Schematic representation of the entero-hepatic circulation of BAs. Primary BAs neo-synthesized in the liver are conjugated with glycine or taurine. Then, BAs are stored in
the gallbladder and excreted into bile in the duodenumwhere they participate to the digestion of fats. In the ileum, under the action of intestinal bacteria, BAs are deconjugated and
converted into secondary BAs. In the colon, the majority of BAs is reabsorbed and transported by the portal vein to the liver to participate in a new round of digestion. Excess of BAs
is eliminated by the feces.
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Fig. 3. The nuclear receptor FXRa is involved in regulating hepatic lipid carbohydrate and BA metabolisms. FXRa, through its target gene SHP (Small heterodimer partner), regulates
the transcription of enzymes involved in synthesis of BAs and triglycerides [119]. It also participates in the efflux of BAs by activating the transcription of BSEP (bile salt export
pump) and the control of gluconeogenesis and glycogenolysis via PEPCK (phosphoenolpyruvate carboxykinase) and G6P (Glucose-6-phosphatase). Note that LXRa controls mouse
Cyp7a1 gene expression and that this regulation doesn’t exist in human. LRH1 (Liver receptor homolog-1), LXR (Liver X receptor), SCD-1 (Stearoyl coenzyme A desaturase-1).

Fig. 4. The G-protein-coupled receptor TGR5 participates in the control of carbohydrate and energy metabolisms. Stimulation of TGR5 activates the adenylate cyclase (AC) and
causes the production of cAMP. Activated protein kinase-A phosphorylates the transcription factor CREB (cAMP-responsive-element-binding protein). The latter induces the
expression of the gene encoding the enzyme DIO2 (deiodinase iodothyronine 2) that induces production of the thyroid hormone T3 and promotes b-oxidation of fatty acid (FA) in
brown adipose tissue or muscle. In the enterocytes, cAMP pathway allows the synthesis of the GLP-1 (glucagon-like peptide-1), thus promoting the release of insulin from the
pancreas.
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adenocarcinoma development was recently report by several
studies showing increased FXRa expression along the progression
from normal esophagus to BE disease [34e36]. In patients with BE
disease, FXRa is overexpressed in both esophageal squamous
epithelium and specialized intestinal BE cells, while almost no
FXRawas found in healthy squamous epithelium. Furthermore, loss
of FXRa expression has been reported in EA probably due to low
grade differentiation [34].

The origin and the significance of these changes in FXRa
expression were reported in several clinical and epidemiological
studies. During chronic GERD, squamous epithelium cells are
replaced by intestinal type epithelium. As enterocytes express FXRa,
this modification in cell population may in part contribute to the
over-expression described in epitheliumof patientswith BEdisease.

Unlike esophageal epithelium cells, enterocytes are adapted to
transport BAs from lumen back to bloodstream by both apical and
basolateral transporters controlled by FXRa. Recently Dvorak et al.
[37] demonstrate in human that, like FXRa, BA transporters IBAT,
IBABP or multidrug resistance-associated protein 3 (MRP3) expres-
sions are increased in non dysplasia esophageal cells comparedwith
normal squamous epithelium. This suggests an adaptivemechanism
to protect cells from components of reflux particularly from BAs.
Interestingly, DCA treatment increases Fxra and IbabpmRNA level in
humanTE7 esophageal cell line suggesting that BAsmay be involved
in the establishment of this adaptive mechanism [36].

On the other hand, decreased mRNA levels of BA transporters
were observed during progression of Barrett’s esophagus and
adenocarcinoma consistent with decreased expression of FXRa
[37]. This decline in transporter expression may be responsible, at
least in part, for the increased cellular damage due to excessive
intraluminal BAs concentrations. Another hypothesis proposes that
this phenomenon may also be considered as a further adaptive
response to high BAs exposure in order to limit DNA damage of
premetaplastic cells [37].

All these data suggest that, through regulation of BA trans-
porters, FXRa controls an adaptative mechanism to lower esoph-
agus exposure to BAs toxicity in BE and adenocarcinoma.

2.1.2.2. FXRa promotes inflammation. Chronic inflammation of
epithelial cells in GERD was shown to play a key role in the tran-
sition from Barrett’s syndrome to adenocarcinoma.

Chemokines such as macrophage inflammatory protein-3a
(MIP3a) or IL-8 have been shown to promote inflammatory
response by increasing the influx of immune cells such as neutro-
phils and b-cells [38]. Compared to the squamous epithelium of
Barrett’s syndrome patients, their columnar epithelium displayed
an increase in MIP3a and IL-8 levels with enhanced expression of
FXRa and FXRa targets genes suggesting involvement of FXRa in
initiation and maintenance of the inflammatory response in BE
[36].

In line with these data, in vitro experiment shows that exposure
of human esophageal TE7 cell line to DCA results in increased
mRNA levels of MIP3a and IL-8 [36]. Interestingly, pretreatment
with guggulsterone, a natural FXRa antagonist, inhibits this pro-
inflammatory response suggesting a direct involvement of FXRa
in the enhanced inflammatory reaction seen in patients with BE
[36].

2.1.2.3. FXRa induces apoptosis resistance. Previous studies
demonstrate that the transformation of Barrett’s syndrome to
adenocarcinoma is related to a loss of apoptotic mechanism [39].
Several biopsies analyses indicate reduced apoptosis in BE tissues
which may contribute to progression to EA. This is highlighted by
the expression of proapoptotic and anti-apoptotic signaling mole-
cules such as Bcl-xl or Bax [40]. Moreover, human BE epithelial cells

treated ex-vivowith DCA present resistance to apoptosis compared
to esophageal squamous epithelium [41]. In this context, involve-
ment of FXRa in regulation of apoptosis has been suggested by
in vitro experiments showing that antagonizing FXRa with gug-
gulsterone treatment significantly enhances apoptosis in a human
BE-derived cell line [34]. While suggesting the involvement of FXRa
in promoting inflammation and resistance to apoptosis, an FXRa-
independent effect of guggulsterone cannot be excluded. Indeed, in
further studies guggulsteronewas shown to suppress the activation
of a nuclear factor-kappa B (NF-kB) induced by tumor necrosis
factor a (TNF-a) and chemotherapeutic agents through inhibition of
IkB kinase (IKK) [42]. By this pathway, guggulsterone leads to
the inhibition of p65 phosphorylation, nuclear translocation, and
down-regulation of target genes involved in anti-apoptosis and
inflammatory pathways. However, the precise mechanism by
which guggulsterone leads to IKK inhibition remains unknown and
the hypothesis implicating its FXRa antagonist property remains to
be explored.

2.1.3. Does TGR5 may also be involved?
The potential role of TGR5 in EA tumorigenesis has been

recently discussed for the first time byHong et al. [43]. Unlike FXRa,
TGR5 mRNA and protein levels were significantly higher in human
EA than in normal esophageal mucosa or Barrett’s mucosa sug-
gesting that it might play a central role in adenocarcinoma
development.

In the human EA cell lines FLO or BAR-T, low dose of TDCA
increases NADPH oxidase NOX-5S expression leading to peroxide
production and increased proliferation rate [43]. Interestingly, in
these cell lines, TGR5 knockdown by siRNA strategy reduces
significantly BA induced NOX-5S expression, H2O2 production and
cell proliferation [43]. In contrast, over-expression of TGR5
increases these effects [43].

These data define TGR5 as a mediator of ROS production and
increased proliferation induced by BA exposure. Thus, TGR5
activity could be involved in evolution of Barrett’s syndrome to
adenocarcinoma.

2.1.4. Conclusion
BAs seem to play important roles throughout the progression of

BE disease leading to EA. FXRa intervenes during early steps leading
to BE disease by promoting inflammation and resistance to
apoptosis (Fig. 5).

Regarding TGR5, its high expression in EA suggests its potential
role in adenocarcinoma development. Indeed, mediating ROS
production and increasing proliferation induced by BAs exposure,
TGR5 activity must be involved in evolution of Barrett’s syndrome
to adenocarcinoma (Fig. 6).

2.2. Hepatocellular carcinoma

Hepatocellular carcinoma is the third leading cause of cancer
deaths worldwide. In developed countries, its incidence has
particularly increased in the last twenty years with 500 000 people
affected a year [21]. Hepatocarcinoma is a frequent complication in
patients with cirrhosis caused by chronic inflammatory diseases
like non-alcoholic steatohepatitis (NAFL), hepatitis B or C virus.

2.2.1. Role of BAs in hepatocarcinoma
Several evidences show that BAs may be implicated in liver

tumorigenesis. Indeed, child with progressive familial intrahepatic
cholestasis type 2 (PFIC type 2) is predisposed to hepatocellular
carcinoma [44]. This pathology is characterized by a genetic defi-
ciency of the canalicular bile salt export pump BSEP or ABCB11,
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leading to severe cholestasis with elevated serum and liver BA
levels, particularly CDCA and CA.

In vivo experiments on rats show that exogenous administration
of DCA is a relatively strong promoter of the appearance of pre-
neoplastic lesions in hepatocarcinogenesis [45,46]. In wild-type
mice, a 0.2% CA-enriched diet strongly promoted N-nitrosodiethyl-
amine-initiated carcinogenesis [47]. Furthermore a report highlights
that, in rat, elevated BA concentrations in pathological conditions
might act as endogenous promoters of hepatocarcinogenesis [48].
Several in vitro studies report evidences that BAs may affect directly

hepatocytes by inducing ROS production leading to DNA damage
and apoptosis. Hydrophobic BAs like DCA, glucuro-CDCA or tauro-
CDCA have been reported to generate ROS in rat hepatocytes,
human hepatoma cell line or primary human hepatocytes [49e52].
Consistently, treatment of human hepatocarcinoma cells with DCA
induces transcription of genes that respond to oxidative stress
(NF-kB, c-fos, hsp70 and gadd153) or DNA damage (gadd153, hsp70
and c-fos) [53].Moreover, several in vitro strategies using isolated rat
hepatocytes, liver tissue sections or human hepatocarcinoma cell
lines, show that BAs induce apoptosis in liver cells [54e56]. Among
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Fig. 6. Impacts of TGR5 in gastro-intestinal cancers.

Fig. 5. Impacts of FXRa in gastro-intestinal cancers.
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them, three works on rats report that induction of apoptosis by BAs
can be reduced by an anti-oxidant treatment like a-tocopherol or b-
carotene suggesting that this event is caused by ROS production
[51,57,58].

Even if the carcinogenic potential of BAs in liver is well estab-
lished, the precise mechanisms by which they act remains unclear
and involvement of their receptors FXRa and TGR5 are poorly
understood.

2.2.2. Involvement of the nuclear receptor FXRa
2.2.2.1. FXRa: gatekeeper of BAs homeostasis in liver. FXRa plays
a central role in the regulation of liver BAs homeostasis and their
entero-hepatic circulation. This property is mainly due to the
regulation of expression of gene involved in synthesis, conjugation
and transport of BAs.

FXRa activation causes human BSEP up-regulation, the major
excretion transporter of bile acids in hepatocytes [59]. Through
a SHP-dependent pathway, FXRa decreases transcription of genes
that control BAs synthesis like Cyp7a1 [11] or Cyp8b1 [60]. SHP also
affects Ntcp expression, the sodium-dependent bile acid uptake
carrier [61]. Furthermore, FXRa activation by CDCA enhances tran-
scription of UDP-glucuronosyltransferase (UGT) proteins leading to
more hydrophilic and therefore less toxic BA glucuronides [62].

In addition, FXRa activation induces the ileal expression of
fibroblast growth factor (FGF) 15 (FGF19 in human) [63]. Released
into portal vein, this hormone binds its receptor FGFR4 in hepato-
cytes leading to Cyp7a repression and then decreased BA synthesis.
As negative feed-back regulation of BA neosynthesis by FXRa-
FGF15 axis is absent, FXRa null mice were shown to present an
expanded BA pool [64].

This is also of particular interest as FGF19 was implicated in
tumorigenesis. Indeed, FGF19-transgenic mice develop hepatocel-
lular carcinoma (HCC) by 10e12 months. This is associated with an
increased mitotic activity of hepatocytes. The mechanism by which
FGF19 induces this tumorigenesis is not fully understood. However,
through phosphorylation of GSK3b, FGF19 allows b-catenin to
accumulate in the nucleus for activation of genes involved in
proliferation.

Although it is assumed that many, if not all, of the actions of
FGF19 are the same as its mouse orthologous FGF15.

Thus, through its liver and intestinal functions, FXRa contributes
to reduce accumulation of BAs in liver and thus to decrease their
toxicity for hepatocytes.

2.2.2.2. FXRa maintains energy homeostasis in liver. Non-alcoholic
fatty liver disease (NAFLD) is one of the most important liver
diseases in western countries characterized by triglyceride accu-
mulation in hepatocytes. In connectionwith pathologies associated
to metabolic syndrome as obesity, insulin resistance or type 2
diabetes mellitus, NAFLD could evolve to liver steatosis leading
progressively to fibrosis, cirrhosis and by the end to hepatocellular
carcinogenesis [4,65].

The involvement of FXRa in liver metabolism regulation was
illustrated by FXRa invalidation in mice resulting in both triglyc-
eride and cholesterol accumulation in liver [9]. Indeed, FXRa was
shown to control lipid homeostasis in hepatocytes through nega-
tive SHP-dependant regulation of sterol-regulatory-element-
binding protein 1c (SREBP1-c) and its target genes such as acetyl
coa carboxylase (ACC) or FAS [14,66]. Additionally, FXRa activation
by 6a-ethyl-chenodeoxycholic acid (6-ECDCA), a potent and
selective semi-synthetic FXRa agonist, protects against liver stea-
tosis in animal models [67].

Indirectly FXRa controls liver cholesterol accumulation by
modulation of Cyp7A1 expression, the rate-limiting enzyme
responsible to cholesterol catabolism into bile acid [10,68].

Moreover, human CYP7A1 deficiency results in a statin-resistant
hypercholesterolemia [69].

In addition, FXRa null mice also exhibit glucose intolerance and
insulin insensitivity [70]. Furthermore, activation of FXRa was
shown to decrease blood glucose levels in both diabetic db/db and
wild-type mice [70]. In mouse and human hepatocytes, FXRa
inhibits transcription of gluconeogenic genes such as G6P or PEPCK
in a SHP-dependent manner [71,72].

According to its central role in regulation of both glucose and
lipid metabolisms, FXRa prevents liver metabolic disorders and
their potential to evolve into hepatocarcinoma.

2.2.2.3. FXRa shows anti-inflammatory property. Hepatic inflam-
mation is closely linked to hepatocarcinogenesis [73,74]. The use of
FXRa null mice demonstrates that liver inflammation is prior to
development of spontaneous liver tumors since increased expres-
sion of genes involved in inflammation (interferon-gamma (IFN-g),
TNF-a, IL-6, IL-1b) were described before cancer development [47].

During liver pathological conditions such as cholestasis,
inflammation has been mainly attributed to NF-kB activation by
hydrophobic BAs [75e77]. Interestingly, recent report demon-
strates that FXRa negatively modulates NF-kB-mediated hepatic
inflammation [78].

Hepatic expression of the chimeric protein VP16FXR, a strong
transcriptional activated form of FXRa, suppresses the lipopolysac-
charide (LPS) induced expression of nitric oxide synthases [79],
COX-2 and IFN-g in vivo [78]. Moreover, in vitro experiments using
humanHepG2 cells and primary hepatocyte culture show that FXRa
agonist inhibits NF-kB transcriptional activity by decreasing its
binding to DNA [78]. Furthermore it was demonstrated that NF-kB
reciprocally decreases FXRa transcriptional activity indicating
a negative crosstalk between the FXRa and NF-kB signaling path-
ways [78,80]. The mutual suppression between FXRa and NF-kB
might be an important mechanism to prevent carcinogenesis.

These data reveal that FXRa acts as a negative mediator of
hepatic inflammation which may contribute to critical roles in
hepatoprotection and suppression of hepatocarcinogenesis.

2.2.2.4. FXRa fights against fibrosis. Chronic liver fibrosis is associ-
ated with hepatocarcinogenesis. Interestingly, several clinical
reports show that levels of FXRa expression and transcriptional
activity decrease with fibrosis as the disease progresses to a severe
grade [81]. Consistent with clinical data, histologic signs of liver
fibrosis are observed in FXRa null mice [47,82].

Hepatic fibrosis has been shown to be the consequence of both
increased of extracellular matrix (ECM) and reduced breakdown of
ECM component [83,84]. Hepatic stellate cells (HSCs) are the major
source of ECM in liver and can also participate to its degradation by
the proteolytic enzyme like matrix metalloproteinase-2 (MMP)
[85]. In mouse HSC culture, FXRa activation by 6-ECDCA leads to
SHP-dependent inhibition of tissue inhibitor of metalloproteinase 1
(TIMP-1) expression, a major MMP inhibitor [86]. On the other
hand, TIMP-1 has been involved in both anti-apoptotic and prolif-
erative pathways in HSCs. Thus, its inhibition enhances the
susceptibility of HSCs to apoptogenic stimuli and decreases prolif-
eration. Moreover, activation of the FXRa-SHP pathway, after
administration of 6-ECDCA to cirrhotic rats, reduces liver fibrosis by
increasing HSC apoptotic rate [86].

Thus, by limiting accumulation of HSCs and by promoting ECM
degradation, FXRa protects liver from fibrosis and tumorigenesis.

2.2.2.5. FXRa acts as anti-oxidant factor. Experimental data from
animal models and clinical data from patients with chronic liver
infection suggest that an excess of ROS produced by inflammatory
mediators facilitates the progression of liver fibrosis [87,88].
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FXRa has been shown to play a role in the induction of genes
encoding for proteins involved in anti-oxidant defense system
[89e91]. Mice treated with CDCA show increased expression of
anti-oxidant and xenobiotic enzymes due to CCAAT/enhancer
binding protein b (C/EBPb) activation [92]. Moreover, in human
hepatocyte derived cell line, FXRa activation by natural ligand
CDCA or specific synthetic ligand, induces C/EBPb through
AMPkinase-ERK1/2 pathway [92].

LKB1 belongs to kinase family and has been shown, through
AMPK activation, to play a key role in protecting cells against
mitochondrial dysfunction and ROS production [93]. In a recent
study Lee et al. [94] report that FXRa activation by its specific ligand
GW4064 increases level and activity of LKB1 both in hepatocyte
culture and mouse liver by reducing levels of its post transcrip-
tional inhibitor Mir-199a-3p.

Thus, by promoting C/EBPb and LKB1 functions, FXRa limits ROS
induced injuries in hepatocytes and protects liver against fibrosis
development and evolution to hepatocellular carcinoma.

2.2.2.6. FXR counteracts apoptosis. Chronic hepatocyte death is
crucial for initiation and progression of liver fibrosis and cirrhosis
[95]. As FXRa null mice exhibit strong cell apoptosis leading to
fibrosis, FXRa was suggested to also protect liver cells from death
[47]. In human hepatoma cell line HepG2, FXRa prevents serum
deprivation-induced apoptosis through MAPK/ERK1/2 survival
pathway [96]. In vivo, starved FXRa null mice present enhanced
apoptosis compared to wild-type mice. This is associated to lower
ERK1/2 phosphorylation status [96]. As discussed previously, FXRa
was shown to inhibit the NF-kB-mediated hepatic inflammatory
response. Interestingly, FXRa activation has no negative effects on
NF-kB-activated anti-apoptotic genes, selectively maintaining NF-
kB cell survival response [78].

Thus, by suppressing cell apoptosis and selectively maintaining
cell survival, FXRa plays an additional function in hepatoprotection.

2.2.3. TGR5 involvement
2.2.3.1. TGR5 gatekeeper of energy homeostasis in liver. TGR5 is well
known for its roles in regulation of both energy homeostasis and
glucose metabolism [19,97,98]. Through this, TGR5 is a potential
target for the treatment of diabetes and associated metabolic
disorders such as NAFL that could lead to liver carcinoma
[19,20,97,99].

By inducing energy expenditure in brown adipose tissue (BAT),
Watanabe et al. [19] report for the first time that TGR5 activation by
BAs improves glucose tolerance and insulin sensitivity in fat-fed
mice and prevents obesity. Furthermore, TGR5 was shown to
promote mitochondrial oxidative phosphorylation and calcium
influx in murine entero-endocrine cells which result in an
increased secretion of GLP-1 [20], improving insulin secretion in
pancreas cells [97,100].

Thus, by improving metabolic syndrome and then liver
homeostasis TGR5 activation could participate indirectly to prevent
hepatocellular carcinoma development.

2.2.3.2. TGR5 has anti-inflammatory property. Metabolic syndrome
is associated with liver chronic inflammation, characterized by
abnormal cytokine production and activation of inflammatory
signaling pathways such as NF-kB [101e103]. Using LPS-induced
inflammation model, recent data show that TGR5!/! mice
exhibit a more severe inflammation and liver necrosis compared to
wild-type mice [104]. These phenotypes were associated with
elevated protein levels of NF-kB target such as IL-1b or IFN-g.
Moreover, as it was shown with FXRa, TGR5 activation by 23(S)-
mCDCA treatment suppresses LPS-induced NF-kB pathway in
mouse liver [104].

Moreover, in rat isolated Kupffer cells, resident macrophages in
liver, oleanoloic acid or treatment with TGR5 specific agonist BR27
were shown to lower LPS-induced cytokine expression such as
IL-1a, IL-1b, IL-6 and TNF-a [105].

Furthermore, the molecular mechanism by which TGR5 activa-
tion down regulates immune functions has been recently assessed.
In vitro studies, carried both in mouse macrophages and in hepa-
tocyte cell lines, show that TGR5 activation by 23(S)CDCA enhances
interaction between b-arrestin2 and IkBa thus reducing the phos-
phorylation of IkBa by IKK and then abolishes NF-kB translocation
into nucleus [104]. In that line, Pols et al. have recently demon-
strated in vivo, in mouse, that activation of TGR5 in macrophages
by 6a-ethyl-23(S)-methylcholic acid (6-EMCA, INT-777), a semi-
synthetic BA, inhibits pro-inflammatory cytokine production via
cAMP signaling and subsequent NF-kB inhibition. The inhibition of
atherosclerotic lesion was associated with decreased intraplaque
inflammation and less plaque macrophage content [106].

These findings identify TGR5 as a negative mediator of NF-kB
transcriptional activity preventing chronic liver inflammation
diseases.

2.2.3.3. TGR5 is involved in BA induced apoptosis. Pathological BA
accumulation in liver causes hepatocyte injury by inducing
apoptosis and thereby leads to progression of cholestatic liver
disease to cancer [107e110].

Recently, Yang et al. [111] demonstrate the involvement of TGR5
activation in the mechanism of BA induced human hepatocyte
apoptosis. Indeed, in hepatocyte cell line TGR5 stimulation was
shown to promote c-Jun N-terminal kinases (JNK) activation and to
reduce complex formation of JNK with caspase-8. This facilitates
caspase-8 recruitment to death-inducing signaling complex (DISC)
and induction of apoptosis signaling.

Even though, these data need to be confirmed, these observa-
tions suggest that, by inducing apoptosis in hepatocytes, TGR5
should also participate to the genesis and progression of liver
diseases and then contribute to liver carcinogenesis.

2.2.4. Conclusion
Several evidences show that BAs may be implicated in liver

carcinogenesis. FXRa acts at multiple levels highlighting its major
roles to protect hepatocytes. FXRa reduces BAs accumulation in
liver. It will also prevent liver metabolic disorders and their
potential to evolve into hepatocarcinoma. Then FXRa acts as
a negative mediator of hepatic inflammation and may contribute to
critical roles in hepatoprotection and suppression of hep-
atocarcinogenesis. In addition, by limiting accumulation of HSC and
by promoting ECM degradation, FXRa protects liver from fibrosis
and tumorigenesis. Thus, by suppressing cell apoptosis and selec-
tively maintaining cell survival, FXRa plays an additional function
in hepatoprotection (Fig. 5).

In parallel, TGR5 mainly acts by improving metabolic syndrome
and then liver homeostasis participating indirectly to prevent
hepatocellular carcinoma development. Indeed, TGR5 is also
defined as negative mediator NF-kB transcriptional activity pre-
venting chronic liver inflammation diseases. However, by inducing
apoptosis in hepatocytes, TGR5 could promote genesis and
progression of liver diseases and then contribute to liver carcino-
genesis (Fig. 6).

2.3. Intestine/colon tumor

The estimated number of deaths from colonic cancer is 600 000
per year making it the fourth leading cause of cancer deaths [21].
The pathogenesis of colon cancer in humans is a multistep process
involving both genetic and environmental factors. Among them,
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dietary factors have been implicated in the majority of sporadic
colorectal cancers.

Dietary fat intake appears to be one of the most powerful
promoters in development and progression of colon cancer. While
high fiber diet protects against carcinogenesis, several epidemio-
logical studies link high consumption of red or processed meat,
saturated fat intake and colonic cancer risk [112e116].

In rodents, in vivo experiments report that wild-type CB57Bl/6
mice fed a western diet, containing elevated lipids, develop colonic
tumor [117]. Moreover, APCmin/þ mice, predisposed among others
to develop colon cancer, present an increased incidence of carci-
noma and number of invasive tumors when they are fed a high fat
diet [118,119].

2.3.1. Involvement of BAs in intestine/colon tumorigenesis
The potential role of BAs in enteric cancers is highlighted by the

fact that people who consume western diet are more sensitive to
colon cancer development and display increased fecal BA concen-
trations, mainly secondary BAs as DCA and LCA [120,121]. This
suggest that exposure of colorectal epithelium to high concentra-
tions of BAs appears to be an etiologic factor in colorectal
carcinogenesis.

Several studies report that exposure of colon cells to BAs leads to
ROS production that cause DNA damage, mutation or apoptosis.
Indeed, hydrophobic acids, DCA and LCA, induce ROS in rodent
colonic mucosa cell or in human adenocarcinoma cell lines like
HCT-116 or CACO-2 [122e126]. In that line, numerous studies
describe that secondary BAs induce DNA damage in colon cells
consecutive to oxidative stress. Indeed, DCA treatment of human
colon adenocarcinoma cells HCT-116 induces the expression of the
DNA repair protein breast-cancer 1 (BRCA-1) [127] and DNA
damage inducible gene GADD34/45/153 [128]. Moreover, major
oxidative DNA damage, 8-OH-dG, increases in colon epithelial cells
of DCA-fed mice for 8 months [123].

Next to this, a large number of reports shows that secondary BAs
could also induce apoptosis in several human adenocarcinoma cell
lines probably due to DNA damage accumulation [128e131].

Studies from other laboratories indicate a paradoxical prolifera-
tive action of BAs on cell lines. In human colon cancer cell line (H508
cells), taurine and glycine conjugates of LCA and DCA induce cell
proliferation through the M3 muscarinic receptor-dependent
pathway and transactivation of epidermal growth factor receptor
(EGFR) [132]. Furthermore, lowconcentrations ofDCA (5 and50 mM)
significantly increase b-catenin activation and cyclin-D1 expression
and enhance colon cancer cell proliferation and invasiveness [133].

Thus, chronic exposure of colon epithelial cells to low concen-
trations of hydrophobic BAs can result in gene mutation and
constitutive activation of pro-survival stress-response pathways.
This could instigate cancer development. In line with this, DCA
administration in a rat model of colonic carcinogenesis significantly
increased the incidence of K-ras point mutation and proliferation
index in colon tumors [134].

2.3.2. Is FXRa involved in this tumor?
2.3.2.1. FXRa: gatekeeper of BA homeostasis in intestine. As in
hepatocytes, concentrations of BAs within enterocytes are tightly
regulated in order to protect cells against BAs toxicity. In intestinal
cells, FXRa activation decreases BA absorption by repressing the
expression of human IBAT [135]. In line with this finding, FXRa"/"
mice display enhanced intestinal BA absorption [64]. Furthermore,
FXRa promotes BA transport through enterocytes and excretion
into the portal system by enhancing respectively the expression of
IBABP [64,136] and OSTa/b in basolateral side [137,138].

Interestingly, it has been demonstrated that human and mouse
vitamin-D nuclear receptor (VDR) can also bind LCA [139]. This

leads to the activation of a feed-back catabolic pathway that
increases CYP3A expression and leads to detoxification of LCA. This
suggests that another pathway involving a nuclear receptor could
protect intestine from the potentially harmful effects of LCA.

Thus, by maintaining intestinal BA pool size FXRa/VDR play key
role in preventing chronic injuries and inflammation that could
lead to carcinogenesis.

2.3.2.2. FXRa fights against inflammation. Inflammatory bowel
diseases have been shown to predispose to intestinal cancer
development. Ulcerative colitis and Crohn’s disease are typical
chronic intestinal inflammation characterized by deregulations of
mucosal immune system and bacterial overgrowth compromising
intestinal epithelial barrier function and leading to systemic
infection [140,141]. Interestingly, colon inflammation in patients
with a Crohn’s disease and in rodent models of colitis is associated
with reduced expression of Fxra mRNA providing evidence that
FXRamay play a central role in protecting intestine against chronic
injuries and forward carcinogenesis [142e144]. In addition, FXRa
expression was inversely correlated to progression of human
colorectal cancers and degree of malignancy of human colon cell
lines [145].

Consistently, compromised intestinal architecture was observed
in FXRa"/"mice. This seems to be related to an excessive immune
response and high expression levels of IL-6, IL-1b or TNF-a [47,82].
This phenotype appears to be independent of elevated BA
concentrations observed in these mice since administration of
cholestyramine does not modify their intestinal tumor suscepti-
bility [47]. Last, FXRa deficiency results in increased sensitivity to
tumorigenesis in both APCmin/þ or azoxymethane (AOM)-induced
colon carcinogenesis mouse models [146].

Moreover, FXRa activation decreases the severity of inflamma-
tion and improves colitis symptoms in several surgical or chemical
murine colitis models. Bile duct ligation in mice induces colitis that
could be reversed by GW4064 administration [147]. INT-747 treat-
ment has been shown to prevent inflammation in animal models of
dextran sodium sulfate (DSS) or trinitrobenzenesulfonic acid
(TNBS)-induced colitis with preservation of the intestinal epithelial
barrier function and reduction of goblet cell loss [148]. In addition, in
mouse expression of microbicidal genes like Angiogenine1 (Ang1)
was shown to be promoted after FXRa activation [147].

The ability of FXRa to regulate intestinal inflammation was
described at several molecular levels including both anti-
inflammatory response in enterocytes and functions of intestinal
innate immunity [148].

2.3.2.2.1. FXRa activation controls inflammatory response in
enterocytes. NF-kB activation has been identified as a key factor in
pro-inflammatory response to chronic intestinal diseases [149].
Consistent with described pro-carcinogen property of BAs, recent
report reveals that DCA induces constitutive NF-kB activation in
human colon epithelial HCT-116 cells through multiple mecha-
nisms involving, among others, the terminal mitochondrial respi-
ratory complex IV [124].

In HT29 and Caco-2 human enterocyte cell lines, GW4064
treatment abolished the TNF-a-mediated induction of IL-1b
expression by decreasing NF-kB transcriptional activity [148].
Moreover, FXRa target genes were repressed by pro-inflammatory
stimuli and NF-kB in enterocyte cell line or in ex-vivo ileal samples
of mice [150]. The authors propose a physical interaction between
NF-kB and FXRa that may be involved in reciprocal repression for
binding promoter sequences of their respective target genes.

2.3.2.2.2. FXRa activation controls mucosal immune system. In
addition, FXRa agonist in activated immune cells negatively regu-
lates inflammatory cytokine expression. Indeed, FXRa activation
reduces inflammatory signaling in activated human peripheral
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blood mononuclear cells, purified CD14 monocytes and dendritic
cells, as well as in lamina propria mononuclear cells from patients
with intestinal chronic inflammation [148]. Interestingly, in DSS or
TNBS-induced colitis mice, FXRa agonist counteracts expression of
pro-inflammatory genes such as TNF-a or IL-1b, both NF-kB tran-
scriptional targets [148]. Moreover, addition of INT-747 signifi-
cantly decreases TNF-a secretion in different mouse immune cell
type such as monocytes or dendritic cells [144].

Recently, using mouse Fxr!/! mice, Vavassori et al. describe
a molecular mechanism whereby FXRa could inhibit immune
function through NF-kB transcriptional activity repression [144].
Indeed, treatment of LPS-activated macrophages with INT-747
results in stabilizing the nuclear co-repressor NCOR on the NF-kB
responsive element of the IL-1b promoter. Thus, immune cell
modulation by FXRa may be responsible for intestinal inflamma-
tion improvement.

By preventing cytokine expression, FXRa decreases the
recruitment of an excess of inflammatory cells to the intestinal
mucosa preserving barrier permeability. Furthermore, in vitro
experiment suggests a direct role of FXRa in maintaining intestinal
barrier integrity independently of its anti-inflammatory function.
Indeed, FXRa activation protects against DSS-induced permeability
in Caco-2 cell monolayer [148]. However the potential involvement
of FXRa in controlling expression and localization of tight junction
proteins remains unknown.

2.3.2.3. FXRa: from anti-inflammatory to anti-proliferative func-
tion. In addition, FXRa was shown to control enterocyte balance
between proliferation and apoptosis. Two-month old FXRa null
mice exhibit an expansion of basal proliferative intestinal
compartment concomitantly with increased protein levels of b-
catenine, c-myc and cyclin-D1 [146]. Furthermore, in nude mice,
reactivation of FXRa in injected intestinal cancer cell increases
apoptotic events, reduces proliferation and blocks growth of
xenograft [151].

LS174T human colon adenocarcinoma cells infected with the
chimeric protein VP16FXRa present increased mRNA levels of FXRa
target gene Shp paralleled with increased expression of proapo-
ptotic genes such as Fas or Fadd [151]. Moreover, decreased mRNA
levels of anti-apoptotic Bcl2 and pro-inflammatory gene Tnf-awere
observed. In addition, GW4064 was able to activate apoptosis in
both human colon HT29 cells and normal intestinal mucosa in vivo
[151].

In mouse liver, TNF-a production by activated macrophages was
shown to promote Wnt/beta-catenin signaling through inhibition
of glycogen synthase kinase 3 b (GSK3b), which may contribute to
tumor development [152]. Thus, by repressing mucosal infiltration
of activated macrophages and then TNF-a signaling, FXRa could
contribute to decrease Wnt signaling in enterocytes and prevent
proliferation and tumor development.

Consistent with decreased level of FXRa, data indicate that
ileal expression of the FXRa target gene Shp is markedly lowered
(50%) in patients with Crohn’s colitis [150]. As it was described in
human breast carcinoma and leukemia cell lines as well as in
mouse embryonic cells, Shp suppresses cell proliferation and
promotes apoptosis [153,154]. Inversely, loss of Shp expression
inhibits 3-(1-adamantyl)-4-hydroxyphenyl]-3-chlorocinnamic acid
(3-Cl-AHPC)-mediated apoptosis in both mouse and human cells
[154]. Thus, by decreasing TNF-a production and promoting Shp
expression, FXRa could maintain intestinal homeostasis and
preserve from carcinogenesis.

2.3.3. Is there a role of TGR5 in intestinal diseases?
2.3.3.1. TGR5 shows anti-inflammatory function. Few are known
about the role of TGR5 on the pathogenesis of human inflammatory

bowel disease. Recently, loss of function mutation of the Tgr5 gene
was associated with ulcerative colitis [155]. Conversely, Crohn’s
disease patients exhibited an increased expression of TGR5
compared to non-inflamed colon [67]. This observation was mainly
attributed to excess recruitment of immune cells which express
TGR5 in intestinal mucosa.

TGR5 null mice aged from 12 months present altered colonic
histology with increased recruitment of mononuclear cells associ-
ated with disruption of intestinal barrier architecture and increased
expression and mislocalisation of Zonula-occludens 1 (Zo1) [67].

In addition, systemic administration tomousemodel of colitis of
ciprofloxacin or oleanoloic acid, both well characterized TGR5
agonists, protects against development of local signs of colonic
inflammation and reduces expression of inflammatory mediators
such as IL-6, TNF-a and IFN-g [67].

In vitro studies have provided evidences that TGR5 exerts
negative regulation of immune cells functions. BAs inhibit LPS-
induced cytokine expression in Kupffer cells via TGR5-cAMP
dependent pathways [105]. In RAW macrophage oleanoloic acid
leads to reduced TNF-a release [67].

Thus through regulation of immune function, TGR5 protects
intestine from chronic inflammation and prevents carcinogenesis.

2.3.3.2. TGR5 and intestinal motility. In a recent study, Poole et al.
[156] report that TGR5 is localized in the enteric nervous system
prominently expressed by inhibitory motor neurons in both colon
and proximal small intestine mediating the effects of BAs on
intestinal motility. In vivo, luminal administration of DCA inhibits
gastric emptying and small intestinal transit. Furthermore, DCA
inhibits spontaneous phasic activity of isolated segments of ileum
and colon induced by a neurogenic, cholinergic and nitrergic
mechanism [156].

Alternatively, releasingGLP-1 fromentero-endocrine L-cells, TGR5
activation leads indirectly to inhibition of proximal gut transit [157].

Thus TGR5 could play a role in increased exposure of intestinal
mucosa to BA toxicity and then in inflammatory bowel disease and
carcinogenesis.

2.3.4. Conclusion
By maintaining BA pool size in intestine, FXRa prevents chronic

injuries and inflammation that could lead to carcinogenesis. In
addition, the ability of FXRa to maintain intestinal homeostasis
includes both control of inflammatory response in enterocytes and
regulation of intestinal innate immunity functions. In addition and
by this way, FXRa also controls the balance between proliferation
and apoptosis of enterocytes. Moreover, FXRa preserves intestinal
barrier permeability by decreasing recruitment of inflammatory
cells to the intestinal mucosa (Fig. 5).

Regarding TGR5, it regulates immune function and protects
intestine from chronic inflammation and prevents carcinogenesis.
However, by inhibiting gastric emptying and small intestinal
transit, TGR5 could increase exposure of intestinal mucosa to BA
toxicity and then inducing inflammatory bowel disease and carci-
nogenesis (Fig. 6).

3. Conclusions and perspectives

BAs represent the main cholesterol catabolites. Their synthesis
take place in liver and their entero-hepatic cycle importance has
been known for decades. They ensure fat solubilization and emul-
sification and thus promote digestion.

In addition to this mechanical role, BAs have been described as
signaling molecules. They act through the binding of two specific
receptors: the nuclear receptor FXRa and the membrane receptor
TGR5. The identification of these two receptors has recently opened
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a new field of research in order to define if these receptors could be
potential pharmacological targets. In this line, interesting data have
been obtained in vitro or in rodent models suggesting that BA
receptors could be targeted for pathologies such as diabetes and
obesity. However, it is also important to explore their potential role
in cancer development as altered BA concentrations have been
associated with tumor process since many decades [158].

Within this review we report the involvement of BAs through
both receptors in pathologies of the gastro-enteric tract and more
precisely tumor development. The analyses of human data as well
as ex-vivo and transgenic mouse models combined with pharma-
cological approaches help to define the exact role of BAs in these
pathologies.

It is well known that BAs per se show detrimental effects due to
their chemical properties (detergent) that can lead to DNA
damages. However, through the activation of both receptors, BAs
could have paradoxical activities depending on considered tissues
(Figs. 5 and 6). Thus, if in esophagus FXRa might exert deleterious
effects promoting inflammation and resistance to apoptosis, these
effects are opposite in liver and intestine, where it counteracts
cancer development. Concerning TGR5, if its high expression is
associated to esophagus adenocarcinoma, it seems to have more
complex roles in liver and intestine carcinogenesis.

If genetic predisposition seems to be involved like for many
other diseases, lifestyle must play an important role on develop-
ment of these cancers. Indeed, limiting fat and meat will maintain
BA homeostasis lower and thus reduces their cell toxicity. More-
over, these studies are of major importance as they are dealing with
pathologies whose incidences are increasing every year. Altogether
this suggests that we need to clearly identify all the involved
pathways activated by BAs through both FXRa and TGR5. It also
highlights the complexity of the system as activation of a receptor
could lead to both benefic and deleterious effects depending on the
considered pathology.

Moreover, strategy to generate pharmacological drugs to treat
diseases is even more difficult as these receptors are essential for
normal physiology. Thus, it will not be as simple to specifically
target one BA receptor rather than the other. Thus, we need to
develop strategy to specifically act on one receptor in specific cell
type. We will also need to take into consideration the patient
history (genetic, environment, feeding habits.). Thus we might
develop in the future personalized therapeutic. This is a challenging
opened field for future research that will require to intercross
chemicalephysicalebiological as well as clinical research areas.
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