Cellular and Molecular Life Sciences (2019) 76:4849-4859
https://doi.org/10.1007/s00018-019-03247-6

Cellular and Molecular Life Sciences

REVIEW

=

Check for
updates

Farnesoid X receptor alpha (FXRa) is a critical actor of the development
and pathologies of the male reproductive system

Manon Garcia' - Laura Thirouard' - Mélusine Monrose' - Héléne Holota' - Angélique De Haze' - Francoise Caira’ -

Claude Beaudoin' - David H. Volle'

Received: 30 April 2019 / Revised: 19 July 2019 / Accepted: 23 July 2019 / Published online: 12 August 2019

© Springer Nature Switzerland AG 2019

Abstract

The farnesoid-X-receptora (FXRo; NR1H4) is one of the main bile acid (BA) receptors. During the last decades, through
the use of pharmalogical approaches and transgenic mouse models, it has been demonstrated that the nuclear receptor FXRa
controls numerous physiological functions such as glucose or energy metabolisms. It is also involved in the etiology or the
development of several pathologies. Here, we will review the unexpected roles of FXRa on the male reproductive tract. FXRa
has been demonstrated to play functions in the regulation of testicular and prostate homeostasis. Even though additional
studies are needed to confirm these findings in humans, the reviewed reports open new field of research to better define the
effects of bile acid-FXRa signaling pathways on fertility disorders and cancers.
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Introduction

Bile acids are synthesized from cholesterol in the liver and
are components of bile salts. They have major involvement
in digestion. Next to this, bile acids have been defined as
signaling molecules controlling many physiological func-
tions such as lipid homeostasis, glucose and energy metabo-
lisms. Multiple signaling pathways mobilized by bile acids
(BA) ensure these functions. BAs act as ligands for several
receptors among which the Farnesoid-X-Receptor-o (FXRa,
NR1H4) and the G-protein-coupled bile acid receptor-1
(GPBART; TGRY).
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The nuclear receptor of bile acids: FXRa

FXRa belongs to the family of steroid hormone receptors
and is present in many species and produced by the NR1H4
gene. Four isoforms of FXRa (a1/4) have been identified
resulting from alternative splicing and the use of two differ-
ent promoters in the NR1H4 gene. The alternative promot-
ers at exon 1 or exon 3 regulate the expression of FXRal
and FXRa2 or FXRa3 and FXRa4 transcripts, respectively.
The FXRa3 and FXRa4 isoforms possess longer N-terminal
regions than do FXRal and FXRa2. The isoform differ-
ences could impact the efficiency of the “activation func-
tion 1 domain” (AF-1) for interacting with cofactors. In
the FXRal and 3 isoforms, exon 5 is differentially spliced
compared to FXRa 2 and 4. This alternative splicing event
results in the addition of four amino acids (MY TG) adjacent
to the DNA-binding domain in the hinge domain. It has been
demonstrated that these isoforms are expressed at different
levels within the tissues. Levels of FXRal/2 are higher in
the liver and adrenal glands and FXRa3/4 forms are found
in the gut and kidneys [1].

FXRa is a ligand-mediated transcription factor. It was
first defined as the receptor of farnesol generated by meva-
lonate metabolism. It was then described as the receptor of
BA [2]. The most efficient ligands of FXRa are chenodeoxy-
cholic acid (CDCA) and its conjugated forms [3]. Other BAs

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-019-03247-6&domain=pdf

4850

M. Garcia et al.

can activate FXRa with different degree of potency such as
deoxycholic acid (DCA), lithocholic acid (LCA) and then
cholic acid (CA) [2].

Over the years, multiple studies have been able to dis-
criminate natural ligands for FXRa. Among them some act
as antagonists such as guggulsterone, which was isolated
from an extract of the gum resin of Commiphora mukul,
and stigmasterol, which was previously used in parenteral
food [4, 5]. Other molecules were defined as FXRa agonist
such as cafestol, a diterpene isolated from unfiltered coffee
brew [6]. It is interesting to note that bile acids have been
described for long to have endocrine activity. In that line, the
levels of BAs acting as endogenous FXRa agonists in vivo
are essential to modulate the physiology of several organs. In
fasting conditions, serum bile acid are usually below 5 uM,
whereas in post-prandial the concentrations reach 15 uM [7].
The use of reporter mice showed that in basal condition, the
levels of BA are sufficient to induce the activity of the FXRa
receptor in different organs such as in the intestine. It has
been demonstrated that in short term condition following
meal, higher activity of FXRa can be observed [8].

In parallel, efforts were also put in the identification of
selective and specific synthetic modulators of FXRa. Among
all the agonists produced, two of them are now actively used,
namely GW4064 and INT747 [9].

At the structural level, FXRa shows all the typical
domains of nuclear receptors, with the dimerization inter-
face, the ligand-binding domain, the DNA-binding domain
and the ligand-dependent activation function (AF-2) domain.
FXRoa mainly acts as heterodimer with the retinoic acid
receptor RXR (Retinoid X Receptor). The FXRa/RXR het-
erodimer is a permissive one, as the ligands of both partners
can synergize to regulate the transcription of target genes.

The heterodimer FXRo/RXR binds to specific FXR
response elements (FXRE) located in the regulatory
sequences of target genes. The classical FXRE sequences
correspond to hexamers (AGGTCA) that are arranged as
inverted repeat motifs (IR) separated by one base (IR-1) [2];
even if other FXREs with lower affinity have been defined
such as IR0, IR8, ER8 (an everted repeat motif) or DR1 (a
direct repeated motif). In few cases, it has been demonstrated
that FXRa can act as a monomer and thus can repress tran-
scription through negative FXREs [1].

The use of pharmalogical approaches and of rodent trans-
genic models has defined the roles of FXRa receptor in the
control of lipid, carbohydrate and bile acid metabolisms (for
review see [10, 11]). Indeed, mouse deleted for the gene
encoding FXRa have altered BA homeostasis associated
with hyper-triglyceridemia and impaired glucose homeo-
stasis. Moreover, the study of the FXRa knockout mouse
models led to the identification of the involvement of FXRa
signaling pathways in diseases such as diabetes, immune
disorders as well as cancers. For these latters, FXRa ™~ mice
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developed spontaneously cancerous liver lesions at 1 year
old [12, 13].

The importance of FXRa in the regulation of physiologi-
cal functions and the association with diseases were recently
highlighted with the studies on humans and the identification
of polymorphisms. FXRa variant due to single nucleotide
polymorphisms, leading to reduced transcriptional activ-
ity, was identified in intrahepatic cholestasis of pregnancy
(ICP) [14]. More recently another study showed that cases
of neonatal cholestasis were associated with mutations in
the Fxra gene [15].

Next to these descriptions, an additional function of
FXRa was added in the last years, with the identification of
the involvement of BAs in the regulation of the male repro-
ductive system [16]. Here we will review most of the data
highlighting the critical functions of FXRa within testis,
prostate, seminal vesicles and spermatozoa.

The idea of a link between bile acid signaling and male
genital tract emerged from the association between hepatic
pathologies and infertility in human [17, 18]. Indeed, during
liver disorders, bile acids concentrations reached high levels.
In addition, cirrhosis can be associated with testicular atro-
phy, low testosterone levels, decreased libido, infertility and
gynaecomastia [19, 20]. Moreover, a retrospective study has
correlated hepatic steatosis with low testosterone levels [21].

In the last years, different BA signaling pathways through
FXRa and TGRS have been demonstrated to be involved
in male genital tract disorders [16]. As far as reproduc-
tive tract is concerned, there is no obvious reported redun-
dancy between FXRa and TGRS. Indeed, so far, the role
of TGRS has been studied only in adult male mice using a
diet enriched in cholic acid (0.5% CA), which is a classical
model to mimic cholestasis. This is translated in mice by a
multi-component phenotype in adequacy with the known
roles of bile acids. It induces weight loss and hepatic stea-
tosis with a decrease in hepatic Igfl (Insulin-like growth
factor-1) transcripts and altered plasma testosterone concen-
trations. These effects are not sufficient to explain infertility
induced in cholestatic conditions since they remain present
in Tgr5~'~ males whose fertility and testicular physiology are
preserved in response to CA-diet. In wild-type mice, CA-diet
feeding leads to alteration of germ cell homeostasis relying
on the control within germ cell lineage of genes involved in
cell—cell interactions and thus associated with post-meiotic
germ cell apoptosis [22]. This work draws attention to the
major impacts of the hyper-activation of BA-signaling on the
maintenance of reproductive functions in adult male mice in
the context of liver disorders.

In addition, the links between BA signaling and male
reproductive tract are sustained by new findings showing
that testis express the genes encoding enzymes involved in
BA synthesis [23]. As in the liver, FXRa controls this pro-
cess. Indeed, Fxra™~ mice showed altered BA homeostasis
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in both liver and testis [23]. It has appeared in the last years
that FXRa plays multiple roles in the urogenital tract that
are described below.

FXRa and male genital tract
FXRa and testis

Several studies demonstrate that FXRa is expressed in the
human testis since the first trimester of pregnancy [24], as
well as in testis of many other species such as mouse [25].
In adult mouse, the expression of FXRa was described in the
interstitial space, mainly in Leydig cells [26]. This expres-
sion was confirmed at pubertal age when Leydig cells start
to produce adult levels of testosterone [27]. Interestingly, the
use of mouse models defines the saptio-temporal expression
of FXRa within the testis. In that line, it has been demon-
strated that FXRa is also expressed during post-natal devel-
opment within the germ cell lineage and more particularly
in undifferentiated germ cells (UGC) [28]. In addition, a
study on marbled newt also showed the expression of FXRa
in primordial germ cells and primary spermatogonia [29].
These localizations suggest that FXRa must be involved in
the control of both the endocrine and exocrine functions of
the testis.

FXRa & testicular endocrine function

The first described role of FXRa within the testis relies on
its involvement on the endocrine function (Fig. 1). Indeed,
the combined use of Fxra™'~ mice and of pharmacologi-
cal approaches using the FXRa specific synthetic agonist
GW4064 have demonstrated that the gene encoding the
orphan nuclear receptor Small Heterodimer Partner (Shp;
NrOb2), a well-known FXRa target gene in the liver, is
also a target gene within the Leydig cells. It was demon-
strated that the increase of SHP is then associated with
the repression of the expression and/or the transcriptional
activity of Liver-Receptor-Homolog-1 (Lrhi; Nr5a2) and
of Steroidogenic Factor-1 (SfI; Nr5al) receptors, two
other members of the nuclear receptor superfamily, that
are described to positively regulate the expression of genes
involved in the steroidogenic pathways [30, 31]. These
data were established using in vitro approaches such as
Chromatin Immuunoprecipitation. Following the expo-
sure to GW4064, the subsequent regulations of SHP were
associated with the down-regulation of the expression
of the steroidogenesis genes such as Star, Cypllal and
3p-Hsd [26]. The involvement of SHP was sustained by
the fact that GW4064 has no effect on testosterone levels
in Shp™'~ male mice. Consistently, Shp~~ mice showed
higher plasma and testicular testosterone levels associated

with an early maturation of the male genital tract. Indeed,
male sexual maturation is a key developmental period
depending on the hormonal status. The identification of
the involvement of FXRa on the regulation of the testicu-
lar endocrine function led to the question of its potential
involvement in male sexual maturation at puberty. This
was sustained by data associating experimental models of
liver disorders and altered puberty [32]. These experimen-
tal models showed lower testosterone levels and smaller
testes and seminal vesicles. Recently, study deciphered the
involvement of BA and FXRa in the cholestasis-induced
sexual maturational failure. For that purpose, 21-days old
male mice were fed a diet supplemented with cholic acid
or treated with GW4064 [27]. The pubertal exposures
resulted in an alteration of spermatogenesis. Indeed, the
BA-exposed testis showed a lower number of elongated
spermatids suggesting that the sexual maturation was
delayed, which was correlated to a lower sperm production
and then reduced fertility. This default in spermatogenesis
was due to an increase of the apoptotic rate of germ cells.
This later was related to the alteration of the hormonal
homeostasis as testosterone supplementation reversed the
effect of BA treatment on germ cell apoptosis.

The putative impact on testosterone synthesis was
dependent on FXRa as no deleterious effects of GW4064
were observed in Fxra™'~ male mice. Unexpectedly, in con-
trast to adult male mice, this effect was not strictly dependent
on SHP, as Shp~'~ males exposed during puberty were still
responsive to BA treatment [27]. It was then demonstrated
that the nuclear receptor Dosage-sensitive sex reversal, adre-
nal hypoplasia critical region, on chromosome X, gene 1
(Dax1; NrObl), a known repressor of steroidogenesis, was a
direct target gene of FXRa. This suggests that DAX-1 might
be in part responsible, in collaboration with SHP, of the
negative impact of FXRa signaling pathways on steroido-
genesis and thus on male sexual maturation at puberty [27].

In both adult and pubertal mice, the impacts of FXRa
are local effects within the Leydig cells and independent of
the hypothalamo-pituitary axis (HPA). However, some links
might exist between FXRa and the hypothalamo-pituitary
axis. Indeed, it was shown that FXRa also lowered testoster-
one synthesis through the repression of the expression of the
LH receptor gene (Lhcgr). This leads to a lower sensitivity to
the hypothalamo-pituitary axis, which is the major regulator
of the endocrine function of the testis [27]. Moreover, it has
been demonstrated that the expression of Shp and Dax-1
are down-regulated by the LH signaling [33, 34]. This sug-
gests that local signaling pathways might participate in the
precise regulation of the endocrine function in interaction
with the HPA.

The involvement of FXRa on the control of testicular
steroid synthesis is supported by the conserved mecha-
nism in other species. Indeed, in porcine Leydig cells, the
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Fig.1 Impacts of FXRa signaling pathways within the testis. The
liver secretes the insulin growth factor-1 and is involved in the con-
trol of steroid catabolism; two factors that are known to be key for
testicular homeostasis. In addition, DCA produced by the microbiota
is an important mediator of BA-induced testicular toxicity. IGF1, BA
and LH reach the testis through blood circulation. Testicular BA pool
is composed of both circulating ones and those produced within the
testis. There, BA will control the Leydig endocrine function by con-
trolling the production of steroid directly or through the decrease of

treatment with the FXRa agonist chenodeoxycholic acid
(CDCA) decreased sex steroid production [35].

Even if exogenous BAs have been demonstrated to repress
testicular steroid synthesis; the question of the endogenous
testicular FXRa ligand remains. Androsterone, a metabo-
lite of testosterone was shown to be a FXRa activator [36].
This data suggests that a local feedback loop of androgen
synthesis might exist.

Moreover, next to the regulation of the androgen syn-
thesis, some studies have demonstrated a crosstalk between
FXRa signaling and the estrogen synthesis in females
and males [2]. In vitro studies have demonstrated that
FXRa reduced the expression of the gene encoding the
aromatase [37]. At the molecular level, it was shown that
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the sensitivity to the LH signaling. In combination, through FXRa
or TGR5, BA will control the exocrine function with impact on Ser-
toli cell homeostasis as well as alterations of processes involved in
spermatogonial stem cell (SSC) self-renewal or germ cell survival. In
addition, this later impact could also be associated with the increase
of BA-precursors and the subsequent activation of CAR signaling
pathways. This leads to lower sperm production and then male fertil-
ity disorders

FXRa competes with SF1 for binding sites on the regula-
tory sequences of the aromatase gene and thus its expres-
sion. However, these mechanisms still have to be elucidated
in vivo.

Steroid plasma concentrations result from a balance
between their synthesis and their catabolism. The liver
essentially supports the inactivation and elimination of ster-
oids. It has to be considered that the impacts of FXRa on
the sexual hormones might involve steroid catabolism prob-
ably at the liver level. Indeed, in some studies it has been
demonstrated that adult male mice fed a diet supplemented
with 0.5% cholic acid for several months showed an altered
plasma testosterone concentration with normal intra-testicu-
lar levels [22]. It was thus demonstrated that theses animals
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exhibited an increased hepatic expression of Cyp3all and
Ugt2b34 suggesting hepatic catabolism of testosterone [22].
Bile acids are capable, via FXRa, to induce the expression
of several catabolic enzymes such as Ugt2b4 or Cyp3all.
It can be, therefore, hypothesized that these inductions may
interfere with the homeostasis of circulating steroid levels
and cause a decrease in plasma testosterone concentrations.

FXRa and etiology of pubertal defect in humans?

Surprisingly, when analyzing Fxra knock-out mice there is
a decrease of intratesticular testosterone levels. This is due
to the increase of SHP, a know repressor of steroidogenesis,
in Leydig cells. However, this effect is transiently seen up
to 1 month of age in mice. This suggests that FXRa might
be involved in the control of the timing of sexual matura-
tion. This is associated with the repressive action of Shp and
Dax-1 with respect to Leydigian steroidogenesis.

Interestingly, puberty delays in boys have increased stead-
ily in recent years [38]. The clinical definition of puber-
tal delay is the absence of an increase in testicular volume
beyond 14 years. It is accompanied by a lack of maturation
of sexual characteristics and muscle development and a lack
of acceleration of the growth rate normally associated with
puberty.

The most frequent diagnosis of delayed puberty (80% of
cases) is a so-called “simple” pubertal delay, spontaneously
correcting with time. Its etiology is often misunderstood. At
the molecular level, no data reported an association between
SHP or FXRa and altered puberty, In contrast, in humans,
some DAX-1 mutations result in a large phenotypic vari-
ability highlighting the complexity of its functions [39].
Most of these lead to adrenal insufficiency (AHC, adrenal
hypoplasia congenita) and gonadotropin deficiency associ-
ated with delayed or no puberty [40, 41].

Moreover, due to the multiple actions of FXRa for the
regulation of metabolisms of bile acids, cholesterol or tri-
glycerides, several synthetic bile acids, agonists or antag-
onists of FXRa, have been developed to fight against the
development of pathologies such as hypertriglyceridemia
[42], [43]. In this context, our study raises the question of the
consequences of exposure to such molecules during puberty
(pubertal delay).

FXRa and Leydig tumor?

A potential association between FXRoa and Leydig tumor
has also been evocated [44]. Using the R2C Leydig tumor
cell line, it was demonstrated in vitro that the use of a FXRa
agonist decreases the Leydig tumor growth through the
inhibition of proliferation and the induction of apoptosis
processes. At the molecular level, it was established that
a FXRa-nuclear factor-kB (NF-kB) complex binds to the

p53 promoter, inducing the expression of P53; which in turn
induced its effector p21 (WAF1/Cipl).

Leydig cell tumors represent 3% of the testicular cancers
and are benign in most of the cases. The above data suggest
that FXRa ligands could represent a therapeutical strategy
for the rare malignant Leydig tumor for which so far no
treatment is available.

FXRa in male germ cells

The exocrine function of the testis corresponds to the pro-
duction of spermatozoa to ensure male fertility (Fig. 1).
Undifferentiated spermatogonia undergo multiple steps of
transformation. Part of the spermatogonial stem cells (SSCs)
self-renew and others enter in the differentiation process
leading to spermatocytes. Then following the meiotic pro-
cess germ cell lineage gives rise to the haploid round sper-
matids, which will, through spermiogenesis, become elon-
gated spermatids and then spermatozoa.

Recent studies in mice have shown an abnormal accu-
mulation of undifferentiated germ cells in the testes of
Fxra~'~ mice [28]. It was hypothesized that FXRa helps to
establish and to maintain the pool of undifferentiated germ
cells and thus male fertility throughout aging. Consistently,
Fxra~'~ males showed a higher production of spermatozoa
compared to their wild-type littermates. This is associated
with the maintenance of Fxra™'~ male fertility throughout
aging at a time when wild-type fertility decline is normally
observed. These data sustained the idea that FXRa par-
ticipates to the homeostasis of spermatogonial stem cells
(SSC), which are the only cell population to present regen-
erative capacity. In that line, it has been demonstrated that
FXRa controls the expression of multiple genes known to
be involved in the establishment of the SSC population such
as Jmjd3, whose deficiency, like for Fxra, was associated
to heavier testes and maintained reproductive capacities
for longer time than wild-type littermates [45]. Similarly, a
closed phenotype to Fxra ™~ males was observed in the Erf3
(Ers2) deficient mice with an increase in the number of UGC
at postnatal age [46].

In addition, the higher expression of Lin28 following the
modulation of the FXRa signaling pathways was associ-
ated with altered expression of pluritoptency genes such as
Oct3/4 and Nanog highlighting the critical role of Lin28 for
the development of UGC in mice [47]. Even though these
data suggest that Lin28 could be a mediator of FXRa in the
establishment of SSC pool, the mechanisms by which FXRa
controls the expression of Lin28 remain to be identified.

This impact of FXRa on the establishment of UCG was
also supported by the use of the synthetic agonist, GW4064,
as it leads to a lower number of PLZF-positive seminiferous
tubules [48].
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Next to the impact of FXRa on the UGC pool, it also
seems to participate in germ cell differentiation process.
Indeed, a precocious entry in meiosis was observed in the
Fxra™~ males [28]. The crosstalk with the retinoid pathway,
a major signal for germ cells to enter into meiosis, was dem-
onstrated by the lower expression of the retinoid-degrading
enzyme Cyp26b1 in Fxra™'~ male mice and the fact that a
RAR (retinoic acid receptor) antagonist blocked germ cell
differentiation even in Fxra™~ males.

Combined these data suggest that FXRa might control
some pathways within the germ cell lineage that permit effi-
cient spermatogenesis in autonomous manner. Indeed, it has
been demonstrated that FXRa controls germ cell survival
in an androgen-independent manner in postnatal period,
through the regulation of the expression of caspase-6, a
known target of bile acid signaling pathways in the liver
[49].

In addition, some data showed that the impacts of the
lack of Fxra gene on the sustained spermatogenesis (higher
sperm cell production) were observed concomitantly to a
decreased number of Sertoli cells [28], which are essential
structural and nutritive support for spermatogenesis. In addi-
tion, it has been demonstrated that FXRa signaling path-
ways might alter the maturation of Sertoli cells during early
post-natal development as a precocious alignment of Sertoli
cells at the basal membrane of the seminiferous tubules was
observed following the exposure to GW4064 during the 10
first days of life [48]. Even though the mechanisms were
not studied, this might help to better elucidate the complex
interaction between somatic Sertoli cells and germ cells
differentiation.

The links between FXRa and the control of male fertility
and testicular homeostasis were sustained by recent data. It
has been demonstrated that mice invalidated for the gene
encoding FXRa were more sensitive to BA exposure and
that a short-term exposure (15 days) led to altered fertility
correlated with lower sperm production due to an increased
meiotic germ cell apoptosis independently of the androgen
status [23]. At the molecular level, the mechanisms were in
part defined and highlighted for the first time with the unex-
pected role of the constitutive androstane receptor (CAR,
NR11I3) within the testis. Indeed, the authors have demon-
strated that Fxro ™'~ males fed a BA-diet showed altered tes-
ticular BA homeostasis associated with the accumulation
of BA intermediate metabolites defined as negative CAR
modulators. The crosstalk with CAR signaling pathways
within the Fxra™~ mice was supported by data showing that
the administration of CAR agonist counteracted the impact
of BA-diet [23].

Moreover, FXRa is expressed in human sperm cells
mainly in the middle piece. The activation of FXRa by BA
alters the sperm parameters, whereas an inhibition through
the use of antagonist (Guggulsterone) or immuno-blockage
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inhibits these impacts. It has been demonstrated that the
increased levels of BA modulate metabolic parameters
(triglyceride) in sperm cells. It was thus suggested that BA
could impact the homeostasis of capacitated sperm and
could thus participat in infertility with idiopathic origin [50].

Fxra, testicular spermatogenesis and environment

It has been demonstrated in liver and testis that FXRa con-
trols the expression of many genes encoding drug transport-
ers [51]. These data suggest that FXRa could have a major
role in testicular detoxification of exogenous drugs (for
review see [1]). These data led to the hypothesis that a link
might exist between exogenous molecules, their deleterious
impacts on male fertility and FXRa.

In that line, the increased incidence of pathologies of the
male urogenital tract has been associated with the exposure
to environmental molecules (EM). The list of EMs grows
regularly (pollutants, pesticides, drugs) and their activity can
be mediated by number of effectors. Most of these EMs,
altering male reproductive functions, have been demon-
strated to have anti-androgenic or estrogen-like activities
[52].

Several reports have highlighted the impacts of EM
exposures on bile acid metabolism [53], and several EMs
have also been described to be potential FXRa modulators.
Recently, additional work showed that the FXRa signaling
pathway might be a critical mediator of the impacts of EMs.
Indeed, it has been demonstrated that the combined expo-
sure during fetal/neonatal periods to bisphenol-A (BPA, a
well-known endocrine disruptor) and Stigmasterol (S)
(natural FXRa antagonist) led to an enhanced decreased
fertility compared with the exposure to single EMs [48].
This was correlated with decreased number of undifferenti-
ated spermatogonia, of spermatids and of sperm cells, and
then associated with abnormalities of the male reproductive
function. The involvement of FXRa was supported by the
fact that Fxra™~ male mice were almost unaffected. It is
interesting to note that BPA alone had lesser effect on the
Fxro™'~ males suggesting crosstalk between FXRo and BPA
signaling pathways. This was consistent with the lower accu-
mulation of Esr2 in Fxra™~ testis [28]. However, another
explanation was given with the control of Fxra expression
by BPA signaling pathway within germ cells, similarly to
what was reported in liver [54].

All these data demonstrate that FXRa acts as a major
mediator of some EMs such as BPA to mediate their detri-
mental impacts on testicular homeostasis and thus fertility.
It is important to note that these effects must be extrapolated
to humans as adverse effects of the co-exposure to BPA +
S were observed on the human testis in ex vivo experiments
[48].
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Interestingly, Hsu’s work demonstrated the antagonistic
action of insecticidal xenobiotic molecules such as cyfluthrin
or bifenthrin on Fxra [55], opening a more widespread pos-
sibility of the role of FXRa in the development of envi-
ronmental diseases and particularly male reproductive
disorders.

Prostate/vesicle seminals: from fertility to cancer

So far the impact of the FXRa signaling pathways on the
male reproductive tract were mainly studied in regards with
the testicular homeostasis. However, some recent data also
suggest putative impacts on seminal vesicles or prostate, two
organs involved in the production of seminal plasma, which
is essential to ensure the quality and integrity of sperm cells
for fecundation. However, to our knowledge no data are
available on the epididymis.

Recent data using proteomic analysis have identified that
some proteins of the turkey seminal plasma may be involved
in the regulation of lipid metabolism through FXRa acti-
vation pathways. It could thus be hypothesized that FXRa
pathways must be important for sperm after ejaculation [56].
This could be consistent with the expression of FXRa in
spermatozoa as demonstrated in human [50].

Within the prostate, the role of FXRa was mainly
studied in the context of tumor cells (Fig. 2). It has been
demonstrated that the mRNA and protein accumulation
of FXRa are decreased in prostate cancer biopsies [57].
In vitro approaches have demonstrated that FXRa activa-
tion increased the expression of the tumor suppressor PTEN
and thus suppressed prostate cancer cell proliferation [57].
This later effect on cell growth was only observed in tumoral
[58]. In addition, it has been demonstrated, consistently with
known roles of FXRa in other organs, that its activation in
prostate lowered lipid accumulation through the regulation
of sterol regulatory element-binding protein 1 (SREBP1).

Interestingly, it was shown that FXRa activation represses
the expression of UDP-glucuronosyltransferase (UGT) 2B15
and UGT2B17 within prostate cancer LNCaP cells. As glu-
curonidation inactivated androgens it must be hypothesized

that FXRa signaling pathways will control androgen metab-
olism in prostate cancer cells. This must be critical since
androgens are major regulators of prostate cell growth and
physiology [59].

Bile acid signaling, metabolic syndrome and male
reproductive tract

It is now well established that the metabolic syndrome
(MetS) is associated with defects of male reproductive tract
and functions. Indeed, obesity has been demonstrated to
increase the risk of reproductive disorders with lower num-
ber of motile spermatozoa [60, 61]. In addition, the preva-
lence of infertility in diabetic men is higher than in normal
population [62]. Patients show a lower percentage of motile
sperm cells, a higher number of sperm cells with altered
mitochondrial function [63] and an increase of DNA frag-
mentation in spermatozoa [64, 65]. Metabolic syndrome
(MetS) is also associated with an increased risk of benign
prostatic hyperplasia and lower urinary tract symptoms
(LUTS). It has been demonstrated that worse oncologic
issues of prostate cancer were associated to MetS. A recently
established rabbit model of high-fat diet (HFD)-induced
MetS showed hypogonadism and the presence of prostate
gland alterations, including inflammation [66].

The possibility to target BA pathways for the cure of
metabolic diseases is promising. Indeed, it is associated
in experimental models to the improvement of metabolic
syndrome parameters (cholesterol, triglycerides an glucose
levels). Moreover, in the model of HFD-induced MetS in
rabbit, it has been demonstrated that treatment with the
FXRa agonist (INT747) counteracted the impact on blad-
der suggesting that is might be a consequence of MetS
improvement [50]. However, INT-747 did not revert the
MetS-induced hypogonadal state [67]. Consistently, the data
suggest that during treatment of MetS through the use of
BA-enriched diet, male mice fertility was additively affected
by HFD and BA-die whereas parameters such as cholesterol,
triglycerides and glucose levels were improved [68]. Further
studies are thus needed to overcome the negative impacts

Fig.2 Impacts of FXRa signal- Pten Proliferation
ing pathways on prostate
FXRo Srebplc S Lipids
UGT > Androgen —> Androgen inactivation

glucuronidation
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of BA-signaling pathways before using them safely for the
treatment of chronic diseases related to MetS.

Conclusions and perspectives

The reported data highlight the emerging roles of the
BA-FXRa signaling pathways in the control of the repro-
ductive tract physiology.

Adult mice fed a diet supplemented with cholic acid
showed increases in both plasma and intra-testicular bile
acid concentrations associated with subfertility of 25% of
the exposed males. It could be expected that this might rely
on complex integrated signaling through the whole male
physiology. As several organs have been demonstrated to
control the physiology of the testis (see Figs. 1 and 3), this
raises the question of the origin of the multiple alterations,

Pituitary

Steroid
hormones l

which could be either direct impacts on the gonads or indi-
rect effects resulting from systemic disorders.

The liver has been demonstrated to secrete the insulin
growth factor-1 and to be involved in the control of testos-
terone catabolism; two factors that are known to be key for
testicular homeostasis. However, recent data suggest that in
the context of cholestasis induced by supplementation of
bile acids, these parameters do not seem to be essential to
drive the deleterious impacts on testicular physiopathology.

It is interesting to note that both plasma and intra-testicu-
lar levels of DCA correlate with fertility disorder suggest-
ing that the intestinal microbiota plays a major role in the
testicular pathophysiology.

Even if it cannot be excluded that systemic factors
are involved in BA-induced testicular disorders in wild
mice, they might create a favorable context leading to the
increase of bile acid levels and their deleterious impacts
within the testis; as sustained by in vitro data on an

1
i Liver diseases 1
! (cholestasis, etc...) |

e BA overload

(CA,CDCA,LCA,DCA,UCDA)

© o

Seminal vesicles Prostate

Composition of semen\/

fluid

Male fertility

Fig.3 Integrative model. The impact of liver disorders leading
to male fertility disorders and particularly testicular physiology alter-
ations rely on complex integrated signaling through the whole male
physiology. The BA will alter the physiology of testis, seminal vesicle

@ Springer
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and prostate. Combined these effects might participate in the altered
fertility observed during liver disorders. BA increase could also be
involved in the etiology of prostate cancer
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isolated germ cell line (GClspg) or Leydig cell line (pri-
mary culture and MA10 cell line).

The direct role within the testis is also supported by
data showing that in the context of cholestasis, there is
a decrease in testosterone synthesis associated with an
increase of LH concentrations. It thus demonstrated that
it is a primary hypogonadism that must find its origin in
testis cells.

In addition, the testicular phenotype of Fxra knockout
on testis might not be a secondary effect induced by a dis-
turbed liver function (e.g. via endocrine disruptors or altered
hepatic clearance rates). Indeed, if endocrine disruptors or
liver disorders are deleterious for male reproductive func-
tion, recent works demonstrate that Fxroa™~ males have an
efficient reproductive function with the maintenance of fer-
tility through aging compared to wild-type males.

A remaining question is to characterize the physiologi-
cal ligand(s) of FXRa within the male genital tract. Data
showed detectable levels and production of BA within the
testis. The question remains whether BA comes from a local
synthesis or that they come from the peripheral synthesis
(liver and intestine). The Leydig cells, in particular, are the
source of a testicular synthesis of bile acids, which is logi-
cal since, as steroidogenic cells, they have a large reserve
of cholesterol. Within the testis, it could be of interest to
measure local BA concentrations in specific cell types to
ensure in which kind of cell types, BA could activate their
signaling pathways.

In addition, previous reports demonstrate that steroids
such as androsterone could be physiological ligands of
FXRa and be active at least in vitro to control prostate cell
homeostasis.

Moreover, BA receptors could also be modulated by other
kinds of molecules. In that line, among the presented data,
some of them highlight a new link between FXRa and the
increasing question of the environmental origin of diseases.
Indeed it must be of interest to better define if FXRa could
interfere with the signaling pathways of EMs exhibiting
estrogenic properties. Moreover, it will be of interest to
screen EMs to define if some of them can act as exogenous
ligands of FXRa, and thus define, depending on the age at
exposure, whether it will impact the exocrine and/or the exo-
crine functions of the testis, as well as the development of
prostate cancer.

The overall data presented here highlight the necessity
to decipher the roles of FXRa in urogenital tract in normal
and pathological conditions to define novel approaches to
improve male fertility capacities, in particular in the context
of environmental exposures. One of the remaining questions
is to decipher the precise activity of the BA receptor in the
etiology of the urogenital disorders such as puberty delay,
as presented above. Extended work on FXRa will also help
to define whether it could be defined as targetable pathway

for the treatments of pathologies such as fertility disorders
and/or cancers.
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