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Abstract Animal models of vitamin A (retinol) deficiency

have highlighted its crucial role in reproduction and pla-

centation, whereas an excess of retinoids (structurally or

functionally related entities) can cause toxic and terato-

genic effects in the embryo and foetus, especially in the

first trimester of human pregnancy. Knock-out experi-

mental strategies-targeting retinoid nuclear receptors RARs

and RXRs have confirmed that the effects of vitamin A are

mediated by retinoic acid (especially all-trans retinoic

acid) and that this vitamin is essential for the develop-

mental process. All these data show that the vitamin A

pathway and metabolism are as important for the well-

being of the foetus, as they are for that of the adult.

Accordingly, during this last decade, extensive research on

retinoid metabolism has yielded detailed knowledge on all

the actors in this pathway, spurring the development of

antagonists and agonists for therapeutic and research

applications. Natural and synthetic retinoids are currently

used in clinical practice, most often on the skin for the

treatment of acne, and as anti-oncogenic agents in acute

promyelocytic leukaemia. However, because of the toxicity

and teratogenicity of retinoids during pregnancy, their

pharmacological use needs a sound knowledge of their

metabolism, molecular aspects, placental transfer, and

action.
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Introduction

Since the demonstration by Hale in 1933 that vitamin A

deficiency (VAD) leads to congenital ocular malformations

[1], the absolute requirement of vitamin A, and its active

derivatives, the retinoic acids (RAs) in a broad range of

developmental and physiological processes has largely

been documented. For example, vertebrate placentation,

morphogenesis, cellular proliferation, differentiation, and

apoptosis have been shown to come under the influence of

this canonical signalling pathway. This pathway acts

through the activation of ligand-dependent nuclear recep-

tors called retinoic acid receptors (RARs) a, b, and c and

retinoid X receptors (RXRs) a, b, and c. In this review,

mammalian placentation and general vitamin A mecha-

nisms of action will be briefly described. The importance

of the pathway during mammalian pregnancy and, in par-

ticular, human pregnancy, will then be extensively

reviewed with a particular emphasis on the pharmacolog-

ical/pathological aspects of this signalling cascade during

life in utero.
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Clermont-Ferrand, France

3 Biochemistry and Molecular Biology Department, CHU

Clermont-Ferrand, 63000 Clermont-Ferrand, France

4 Obstetrics and Gynecology Department, CHU Clermont-

Ferrand, 63000 Clermont-Ferrand, France

5 Laboratoire de Biochimie Médicale, 4R3, Faculté de
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Placentation among species

The placenta is a transient but essential organ for the

successful maintenance of gestation in mammals [2, 3]. As

an autonomous organ, it permits the harmonious develop-

ment of the embryo/foetus till the term birth. According to

the species, the establishment and type of placentation are

different, being principally defined by morphological and

histological characteristics. Morphologically, the placenta

can be diffuse (pig and horse), cotyledonic (ruminants), or

disk-shaped (humans, rodents). Histologically, different

types of placenta are classified according to the nature and

number of tissue layers separating maternal and foetal

blood. There are four different types: epitheliochorial

(equine), synepitheliochorial (ruminant), endotheliochorial

(carnivore), and haemochorial (human and rodent), the

most invasive type of placenta [4–6]. As the placental

functions are the same across species, many different ani-

mal models are currently being studied to gain a fuller

understanding of the importance of this organ. For exam-

ple, the sheep, rabbit, and, especially, the mouse are widely

used, because they share some developmental phenomena

[7]. The first essential function of the placenta is to connect

the foetus physically to the uterine wall and allow the

formation of an exchange surface between mother and

foetus. Beside this anatomical function, the placenta

ensures foetal growth especially by providing the nutrients

and metabolites required for foetal development [8]. To

this end, maternal blood, rich in nutrients and oxygen,

enters the intervillous space through the spiral endometrial

arteries, passes into the foetal circulation through the

capillary system of the villi and reaches the foetus via the

umbilical vein. Metabolic waste products then return to the

intervillous space via two umbilical arteries [9]. Thus,

these nutrient exchanges are well controlled within the

foeto-maternal interface, which becomes a ‘‘selective fil-

ter’’. This interface is also an imperfect barrier against

many pathogens, drugs, and toxins principally by the

syncytial actin cytoskeleton as described in humans and

mice [10, 11]. Among other functions, the placenta also

exerts an endocrine action that is essential for the main-

tenance of pregnancy, foetal maturation, and parturition.

For example, it secretes several important gestational

hormones, such as progesterone and prostaglandins, into

both the maternal and foetal circulation [12].

Through all these functions, the placenta should normally

be able to ensure the healthy growth and development of the

foetus, but if we consider only human reproduction, this vital

process is unfortunately inefficient, as 50–60 % of human

embryos die before birth [13, 14]. Placental abnormalities

can induce obstetric pathologies, such as spontaneous

abortion, intra-uterine growth retardation, or preeclampsia.

To gain a better understanding of how the placenta could be

involved in these many pregnancy losses and problems, the

most widely used strategy is gene inactivation in the mouse

model, owing to the similarity of human and mouse pla-

centation and potential extrapolation. Such mutations could

result in embryonic and foetal mortality in utero principally

by affecting implantation, choriovitelline, or chorioallantoic

placentation, in correlation with faulty timing during gesta-

tion [15]. Among all the essential genes for placentation

demonstrated by KO strategies, those codings for nuclear

receptors are absolutely essential.

Nuclear receptors and placentation

General considerations

Nuclear receptors belong to the vast family of transcription

factors, and are activated by their cognate ligands. The first

complete coding sequences to be isolated were the gluco-

corticoid [16] and oestrogen [17] receptors. Comparison of

these newfound sequences and their crystallographic study

[18] showed conserved domains, disclosing the nuclear

receptor superfamily.

Briefly, nuclear receptors share a common structure

composed of six conserved domains named A–F (for sup-

plementary information, see [19]) (Fig. 1). The most

important region, designated A/B, contains a ligand-

Fig. 1 a Structural organization of nuclear receptors. The N-terminal

domain contains the transactivation ligand-independent domain AF1.

The DNA-binding domain (DBD) recognizes a specific sequence on

the DNA called hormone responsive element (HRE). The ligand-

binding domain, allowing the binding of the ligand(s), also contains

the activation function 2 (AF2) and contributes to the dimerization

interface. b Binding of nuclear receptors to the hormones responsive

elements (HRE). Nuclear receptors bind as homodimer or hetero-

dimer on specific sequences present on the DNA. HRE are composed

of a repeat of one core motif that can be direct (DR), everted (ER), or

inverted (IR), depending on the nuclear receptor subtype
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independent transactivation function (AF-1), and consti-

tutes the only variable domain of the nuclear receptors,

giving them their own identity and specificity. This domain

also often undergoes post-translational modifications. The

DBD (or C-region) is highly conserved and confers on the

nuclear receptor its specific DNA recognition property and

its ability to regulate the transcription of target genes. In

detail, this domain is composed of two zinc finger motifs

with a spatial structure composed of two a-helices and a

COOH-terminal extension (CTE) [20]. Nuclear receptors

fall into three subgroups depending on their fixation to

DNA and the consensus DNA sequence involved. For

steroid receptors, e.g., glucocorticoid, oestrogen, proges-

terone, and androgen receptors, they act in a homodimer

form and bind onto a response element configured as a

palindrome (inverted repeat of two hexameric sequences

separated by three nucleotide spacers) [21]. Non-steroid

receptors, e.g., retinoic acid receptors (RARs), vitamin D

receptors (VDRs), liver X receptors (LXRs), thyroid

receptors (TRs), and peroxisome proliferator-activated

receptors (PPARs) are characterized by their ability to

heterodimerise with the retinoid X receptors (RXRs), and

unlike the steroid receptor, their response elements are

direct repeats separated by a ranging number of bases

depending on each nuclear receptor considered [22–24].

Finally, orphan receptors, e.g., steroidogenic factor 1

(SF1), and the steroid hormone receptor ERR2 function as

monomers and bind to a consensus sequence of six base

pairs, as core motif preceded by three nucleotides,

e.g., oestrogen-related receptor alpha (ERRa) recognizes

TCAAGGTCA) [25]. The DNA-binding domain (DBD) is

connected to the ligand-binding domain (LBD) by the

hinge region (noted D-region). The LBD, noted E-region,

mainly contains a ‘‘ligand pocket’’, composed of

hydrophobic residues responsible for the specific and

unique ligand recognition of each receptor [26]. This

domain also contains the dimerization domain and the

ligand-dependent transactivation function (AF-2). Both

AF-1, described earlier, and AF-2 constitute real interac-

tion interfaces able to recruit many co-regulator partners

(repressors and activators) to mediate the transcriptional

response [27].

Nuclear receptors and placentation

It is already well known that this superfamily of nuclear

receptors is required for the regulation and homeostasis of

several physiological mechanisms, such as metabolism,

inflammation, placentation, development, and parturition

[28–30]. Concerning placentation and development, the

gene inactivation strategy in mice demonstrates that the

inactivation of the orphan receptor ERRb is required for

early placentation. Embryo mutants exhibit placental

malformations (abnormal chorion and trophoblast) and

have been observed to die at 10.5 days postcoitum (dpc)

[31]. It has also been demonstrated that the peroxisome

proliferator-activated receptor (PPAR), through their

pleiotropic functions in the placenta [32], is essential for

placental development and functions [33, 34]. In particular,

the involvement of PPARd in implantation and deciduali-

sation has been established in mouse model [35] and

in vitro studies have already demonstrated the crucial role

of PPARc in the regulation of human trophoblasts invasion

[36, 37]. More importantly, PPARc null embryos were

found to die only due to placental defects, including vas-

cularisation and trophoblastic differentiation abnormalities.

Indeed, embryo death in PPARc-/- was due to defective

trophoblast differentiation, since PPARc-/- mice are

viable when the trophectoderm express PPARc (SOX2cre/

PPARL2/L2 mice) [38–40]. All these results were com-

pleted in humans by direct relations between the expression

level of this nuclear receptor and the appearance of well-

known pregnancy pathologies. Nevertheless, these studies

remain controversial and need to be deepened. For exam-

ple, PPARa and c are down-regulated in the placenta of

women with gestational diabetes, whereas these receptors

are found up-regulated in the placenta of women with

preeclampsia conjugated with intra-uterine growth restric-

tion [41]. At the opposite, it has been demonstrated that the

activation of PPARa and c is weaker among women hav-

ing a severe preeclamptic pregnancy compare with normal

pregnant women [42]. Moreover, another study on PPARc
expression showed that no change was observed between

healthy women and women having preeclampsia or intra-

uterine growth restriction [43], likewise for LXR (liver X

receptor), which seems important for the development of

the placenta. At transcriptional and protein levels, LXRa
and LXRb were significantly decreased in placental tissues

from mothers with preeclampsia [44]. Moreover, the

potential role of LXRb in the inhibition of human tro-

phoblasts invasion has been described [45]. A partner of

both the above nuclear receptors (PPAR and LXR), RXR is

also the heterodimer partner of RAR, two receptor families

stimulated by active derivatives of vitamin A. The impor-

tance of RXRs in mammalian placentation and

development has been demonstrated, and a harmonious

pregnancy found to require a well-controlled supply and

transformation of vitamin A.

Retinoids and reproduction

RAR/RXR and their partners

Two different research groups discovered the first retinoid

acid receptor, called RARa, in 1987 [46, 47]. Some years
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later, other isoforms, RARb and RARc, were also identi-

fied [48–51]. Finally, retinoid X receptor alpha, the non-

exclusive partner of RARs, was also characterized [52],

soon joined by two other isoforms logically named RXRb
and RXRc [53]. RARs and RXRs are highly conserved

among mammals, and have specific patterns of expression,

especially during embryogenesis, highlighting their

important specific functions during mammalian develop-

ment [54]. Briefly, RARa, RXRa, and RXRb are

ubiquitously expressed in embryonic and adult tissues,

whereas RARb, RARc, and RXRc expression is more

restricted, and depends on the tissue specificity [55]. It was

demonstrated that all isoforms of RXRs and RARs (to a

lesser extent) could bind the 9-cis retinoic acid (9cisRA)

form ligand, whereas the all-trans retinoic acid (atRA)

form could enter the ligand pocket only of the RARs iso-

forms. Unlike RARs, RXRs are not specific to the retinoic

pathway, and can be involved in other signalling by

binding either orphan nuclear receptors, e.g., LXR and

farnesyl X receptor (FXR), or other ligand-dependent

nuclear receptors, such as TRs, VDR or PPARs. As above,

among these nuclear receptors, the PPAR family is of

particularly interest, because it is first involved in the RA

signalling pathway, developing a heterodimer with RXR,

binding the 9cisRA ligand. In addition, the subtype

PPARb/d has been described as binding RA and reveals

new RA functions in the regulation of energy homeostasis

and insulin response [56].

RXR can act as either a homodimer or heterodimer

(with RARs) [57]. In the second case, regulation of gene

transcription is achieved by the binding of the heterodimer

RAR/RXR to a specific promoter sequence called RAREs

(retinoid acid response elements) composed classically of

two direct repeats of a hexameric motif [58]. The most

classical RARE motif is commonly called DR5, where the

direct repeats are spaced by five base pairs. However, it can

also be a DR1 or DR2, where the direct repeats are sepa-

rated by only one or two bps, respectively (Fig. 2). These

RAREs have now been experimentally verified or

identified, using bio-informatics, in promoters of a large

and ever-growing number of retinoid-target genes involved

in many different physiological functions, in particular, the

DR5 type [59].

Vitamin A and development

Retinol (vitamin A) and its active derivatives can underpin

many physiological functions (morphogenesis, growth,

reproduction, immunity, and vision) by the transduction of

their signal using retinoic acid receptors [60]. Although the

identification of vitamin A by McCollum and Davis [61]

dates back to 1913, the vitamin A signalling pathway and

actions are very complex and remain to be more thoroughly

studied. The retinoid pathway is critical for harmonious

mammalian gestation (normal embryonic, foetal, and

neonatal development) as demonstrated in many nutritional

studies in animal models [62]. Furthermore, the embryo is

unable to synthesize retinol, and is strongly dependent on

the maternal delivery of retinol itself or its precursors

(retinyl esters and carotenoids) through transplacental

transfer. As the foetus grows quickly in the third trimester,

it needs vitamin A throughout pregnancy [63]. Conse-

quently, both deficiency and excess of vitamin A cause

serious damage during prenatal and postnatal development

and during adult life. Nutritional and clinical studies on

animals and human models have shown that a vitamin A

deficiency leads to VAD syndrome characterized by a

number of developmental defects, including ocular defects,

infectious diseases, growth delay, respiratory and urogen-

ital system and heart defects, and iron deficiency anemia

[64, 65]. Moreover, it is suggested that the high incidence

of heart malformations in developing countries could be

mostly explained by a low availability of retinol due to

vitamin A deficiency in the diet [66]. This has also been

shown in the rat model, where mating can induce a failure

of reproduction, foetal resorption, and prolonged gestation.

Interestingly, an administration of retinoic acid can reverse

the detrimental effects of VAD diet. Conversely, an excess

Fig. 2 Binding of the

heterodimers RAR/RXR to the

retinoic acid responsive

elements (RARE). RAR and

RXR heterodimerize and

recognize the direct repeat of

the motif 50-Pu G (G/T)TCA

spaced by 1 (DR1), 2 (DR2), or

5 (DR5) nucleotides located in

target gene promoters
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of vitamin A in the diet leads to toxicity of many organs

like the liver, central nervous system, internal organs, and

skin. A high level of retinol during pregnancy is terato-

genic for the foetus, especially during the first trimester

[67–70]. All these instances of vitamin A deregulation

show that this signalling pathway has to be closely regu-

lated, particularly for the bioavailability of active forms, to

perfectly ensure these pleiotropic roles during

development.

Vitamin A regulation pathway

Retinol homeostasis is dependent on several levels of

regulation from dietary uptake, via storage, considering the

distribution to each tissue, including at the end the pro-

duction, and degradation of active forms. These different

regulation steps involve many proteins and enzymes (a

simplified representation is shown in Fig. 3). First of all,

vitamin A cannot be synthesized de novo by mammals, and

comes exclusively from the diet as b-carotene (plant

sources) or retinyl esters (animal sources). Conversions by

key enzymes are required to synthesize vitamin A active

forms [71]. Retinol is stored in the liver as retinyl esters, or

distributed in the blood to target tissues. Because retinol is

highly hydrophobic, a carrier protein called retinol-binding

protein (RBP) is required for its circulation and recognition

by a receptor called STRA6 [72]. This latter is present at

the cell surface and allows the retinol to enter the cells,

where it is carried mostly by cytoplasmic cellular retinol-

binding protein 1 (CRBP1). To be biologically active,

retinol must first be oxidized to retinaldehyde, and then to

retinoic acid. The first reversible oxidation is catalysed by

cytosolic alcohol dehydrogenases (ADHs) and microsomal

retinol dehydrogenase (RDH), and the retinaldehyde is then

irreversibly oxidized to retinoic acid by several retinal

dehydrogenases (RALDHs) [73, 74]. As described above,

the pleiotropic effects of retinoids are mediated by the two

main endogenous active forms of vitamin A: atRA and

9cisRA, specific ligands of the RAR/RXR heterodimer. In

this pathway, catabolism feedback and regulation feedback

of atRA and 9cisRA are important mechanisms for con-

trolling endogenous RA levels. To achieve this, catabolism

of retinoic acid is under the control of the cytochrome p450

superfamily, and especially CYP26 proteins (CYP26A1,

Fig. 3 Simplified version of the retinoid pathway. Retinol (combined

with retinol-binding protein-RBP) passes through the cellular mem-

brane using the stimulated by retinoic acid 6 receptor (STRA6), is

carried by the cellular retinol-binding protein (CRBPs), and trans-

formed into retinaldehyde (Ral) by alcohol dehydrogenase (ADH) or

retinol dehydrogenase (RDH). b-Carotene after its entry into the cells

is directly transformed into Ral, which is then transformed into

retinoic acids (RAs) by retinaldehyde dehydrogenase. RAs are then

bound to cellular retinoic acid-binding protein (CRABPs) and enter

the nucleus
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B1, and C1 for mammalian species). This subfamily allows

the transformation of atRA into polar metabolites [75, 76].

Furthermore, some of the components of the RA biosyn-

thesis are controlled by atRA via negative feedback. atRA

induces its own catabolism by inducing the CYP26 enzyme

gene transcription, allowing the degradation of excess

atRA. Conversely, atRA can also regulate its biosynthesis

by positive feedback, up-regulating the expression of some

RA biosynthesis components, such as RBP4, CRBP1, and

STRA6 [77, 78].

Vitamin A pathways in development

and placentation

Studies of KO members of the vitamin A pathway, espe-

cially for RARs and RXRs in mutant mice, have

demonstrated their crucial role in functions, such as

development and reproduction mediated by vitamin A.

Postnatal damage and foetal damage, equivalent to that

found in VAD syndrome, were found in RAR or RXR

single-mutant mice, but defects are less severe, suggesting

a high degree of functional redundancy among these

receptors [79, 80]. The absence of one receptor can be

partly compensated by another nuclear receptor expressed

in the same tissue. More specifically, RARa null mutants

die before the age of two months due to severe malfor-

mations, and males are sterile through the degeneration of

the seminiferous epithelium. RARb mutant mice are

growth-deficient, and present behavioural and eye defects,

but are fertile and have a normal longevity. RARc null

mice exhibit foetal malformations due to skeletal and

epithelial defects, leading to extensive postnatal lethality

[81, 82]. RAR double mutants (RARa/b; RARa/c and

RARb/c null mutants) died in utero or shortly after birth,

highlighting the essential role of RARs in vertebrate

development [83, 84]. Such genetic studies have also been

conducted on the other heterodimeric partner, RXR. The

knock-out mouse models of RXRa and RXRb are lethal

during embryogenesis or shortly after birth. RXRa-/- mice

exhibit eye defects and their mortality is due to severe heart

damage (myocardium defect), suggesting a role of RXRa
in myocardial growth and eye morphogenesis [85]. RXRb
males are sterile, because of an abnormal spermatogenesis,

and present behavioural defects. Finally, RXRc null mice

survive and present not developmental defects, but fertility

defects. Defects in double RXR mutants are similar to

those in RAR double mutants. For example, the double

knock-out RXRb and RXRc, and the triple mutant

RXRa?/- RXRb-/- and RXRc-/- are viable, but have

growth defects, and the males are sterile. A single copy of

RXRa suffices to rescue most of the functions of RXRs.

Besides the many roles of retinoids described and

extensively studied in vertebrate development [85], the

molecular role of retinoid signalling during placentation

remains imperfectly understood. Several studies conducted

on the mouse model demonstrate an involvement of the

retinoid pathway in placentation. First, retinoid-binding

proteins (RBP) and retinoic acid receptors (RARs and

RXRs) have been shown to be expressed in placental mice

tissues in a specific spatio-temporal expression pattern

[86, 87]. In particular, RARc expression is increased after

15.5 dpc, whereas it is only weakly expressed during early

placentation. A strong expression of RXRa has also been

demonstrated at the late stages of placentation, and persists

until birth. Expression patterns of these two receptors

suggest their involvement in the formation and function of

the definitive placenta. In addition to this specific expres-

sion pattern of retinoid pathway components, retinoic acid-

inducible (STRA) genes have also been shown to exhibit a

specific expression in mouse placenta, depending on tissue

specificity and placentation stages [88]. Briefly, they are

expressed in two major placental components depending

on the placental stage: the regions of maternal–embryonic

exchanges (yolk sac and labyrinthine zone) and the tro-

phoblastic giant cells. For example, from mid-late gestation

until birth, Stra6 was no longer expressed in the yolk sac

membrane, but its expression was detected in the labyr-

inthine zone of the chorioallantoic placenta. Such spatio-

temporal patterns of expression are observed for most of

the genes studied during both yolk sac (primitive placenta)

and chorioallantoic (definitive placenta) placentation. The

way in which the expression of these retinoic acid-in-

ducible genes (STRA) is controlled during placentation

remains unknown, but the important role of the retinoid

pathway for normal placentation has clearly been demon-

strated in mice. VAD in rats [89], and PPARc [38], RXRa,
and b [90, 91] knock-out in mice led to chorioallantoic

placentation defects resulting in embryo death. RXR being

essential for heterodimerization with PPARc, all these

knock-out receptors contribute to the same defect. In more

detail, they alter the formation of the labyrinth, a crucial

structure for mice placentation, allowing gas, and nutrient

exchange between the mother and the foetus in the pla-

centa. In the heterozygous phenotype, the labyrinth was not

totally affected, resulting in the reduction of transfers

between mother and conceptus and intra-uterine growth

retardation. When the placental defect is total in the

homozygous situation, the transfers are completely abol-

ished, causing in utero death.

In humans, the retinoid pathway has been described as

present in the placenta and in foetal membranes. Several

studies of the human placenta indicate its ability to iso-

merize and oxidize retinoids [92, 93]. Studies also strongly

suggest the contribution of retinoids in the regulation of

human placental lactogen (hPL) and other hormones or

target genes fundamental for the maintenance of pregnancy
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[94, 95], e.g., chorionic gonadotropin hormone [36, 96],

epidermal growth factor receptor [97], apolipoprotein A-II

[98], the thyroid hormone receptor Mct8 [99], and leptin

[100]. By the heterodimer PPAR/RXR, retinoids regulate

some important placental phenomena, such as trophoblast

invasion [36] and the processes of human term parturition

[101]. As expected, their abnormal expression or activities

are described in spontaneous abortion [102], in preterm

labour, and in infection-complicated preterm deliveries

[103]. In addition, an abnormal activation of RXR by the

tributyltin (an environmental contaminant) was found to

alter human placental functions [104]. In the foetal mem-

branes, the functionality of the retinoid pathway [105] and

its role in physiopathology have been demonstrated. Reti-

noids regulate the expression of genes involved in both

amniotic fluid homeostasis [Prat et al., unpublished data]

and extracellular matrix dynamics [106].

Pharmaceutical aspects

Agonists/antagonists of the vitamin A pathway

and examples of clinical applications

For a better understanding of these nuclear receptors

(specific biological responses of retinoid receptor isotypes),

and for therapeutic applications in several diseases,

e.g., acne, psoriasis, cancer, acute promyelocytic leukae-

mia (APL), and photo-aging, retinoid receptors have

become new targets for the development of several syn-

thetic retinoid agonists (mimicking the action of

endogenous ligands), and antagonists (blocking the action

of endogenous ligands) [107–109]. A major problem in

such a strategy is that it generates synthetic ligands

specifically targeting one isotype of RARs or RXRs, and it

is extremely difficult due to the closed LBD domain

between the different subtypes a, b, and c. As an illustra-

tion of this, only one residue in the ligand-binding pocket

(LBP) differs between RARb and RARa, and only two

between RARb and RARc (Fig. 4). This major problem

could be by-passed using crystallographic studies of the

empty ligand-binding domain (apo-receptor) compared

with the filled receptor (halo-receptor) and allowed a better

understanding of the binding mechanism to develop syn-

thetic agonists or antagonists of nuclear receptors

[110, 111]. In a cellular environment, in the absence of

endogenous ligands (natural agonists, such as atRA) or in

the presence of certain antagonists, RAR-RXR hetero-

dimers recruit corepressor (CoR) complexes, associated

with histone deacetylases (HDACs), which cause tran-

scriptional silencing through chromatin condensation

[112]. Thus, the ligand binding leads to a conformational

change in the nuclear receptor LBD domain [113]. This

allosteric change alters the ability of the receptor surface to

interact with CoRs, and allows the recruitment of coacti-

vator (CoA) complexes on the LBD domain, which

contains histone acetyltransferases (HATs) and so result in

active transcription through chromatin decondensation.

More precisely, the ligand binding really modulates the

communication between the nuclear receptor and its

intracellular environment (receptor-protein, receptor-DNA,

receptor-chromatin interaction) [114]. Focusing on syn-

thetic compounds, there are actually different classes of

agonists and antagonists according to their mechanism of

action (Fig. 5) [115]. Whereas stilbene-based retinoid

TTNPB (4-[(E)-2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-

2-naphthalenyl)-1-propenyl] benzoic acid) and CD3254 are

examples of RAR and RXR agonists, respectively, ‘‘partial

agonists’’ are considered as weaker agonists than the

endogenous ligands, and can act as antagonists. For their

classification, the ‘‘neutral’’ or ‘‘classical’’ ones prevent the

recruitment of CoAs and maintain the receptor in an

inactive state (such as for example BSM614), whereas

‘‘inverse agonists’’, such as BMS493, exert their antagonist

action by strengthening the interaction of receptors with

CoRs [116].

From the clinical and pharmaceutical points of view,

generation of new synthetic ligands for RARs and RXRs is

highly developed for ‘‘retinoid therapies’’ to optimize

already demonstrated beneficial effects, and, in particular,

Fig. 4 Sequence alignment of LBD regions of RARa, b, and c.
These regions contain the three divergent amino acid residues

responsible for the retinoic acid receptor isotype specificity. These

residues belong to the helix 3, 5, and 11 within the ligand-binding

pocket, which is composed of 12 a-helix units arranged in a 3D

conformation and separated by b-sheets
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to eliminate or minimize the side effects of these drugs.

Retinoids used in therapies are powerful tools to improve

cell differentiation, decrease cell proliferation, and promote

cell death. However, retinoids can also exhibit terato-

genicity (see below) and produce side effects in patients

(e.g., mucocutaneous toxicity characterized by sore, dry

skin, as particularly demonstrated for RARc targets) [117].

All these negative clinical effects, added to biological ones

(thrombopenia or blood lipid homeostasis abnormalities),

constitute the ‘‘retinoic acid syndrome’’ potentially present

after chronic retinoid administration. Several retinoid

ligands have been developed and used to treat psoriasis:

etretinate shows pro-differentiation and anti-inflammatory

effects, and after a treatment of 8 months decreases the

psoriatic plaque by 64 % on average [118]. Acitretin is the

treatment of choice for pustular psoriasis, and can be used

in combination with another treatment to improve efficacy

for psoriatic plaque. It is well tolerated at low doses, and it

is not immunosuppressive [119, 120]. Finally, clinical

studies have also shown that TTNPB, a pan-RAR agonist,

is a good candidate for the treatment of psoriasis, but has

mucocutaneous side effects [121]. Retinoids are also major

targets in cancer research, because of their antiproliferative

and cancer-preventive properties: RARb has already been

demonstrated to be the ‘‘major actor’’ in the anticancer

action of retinoids, as it presents some tumour-suppressive

properties [122]. It has been proved that RARb is reduced

or absent during cancer progression (breast cancer, head

and neck tumours, oral leukoplakia) [123, 124], and that

the restoration of normal RARb expression can inhibit,

through retinoid action, cancer progression and thus con-

stitute a new therapy. For example, the use of isotretinoin

in the treatment of oral leukoplakia allows restoration of a

normal RARb expression [125]. Retinoic acids (all-trans

and 13-cis forms) are also known for the therapeutic rev-

olution they have brought to acute promyelocytic

leukaemia. By destabilizing the haemopoietic cells pre-

senting the chromosomal abnormalities ‘‘PML-

RARalpha’’, the retinoic acids induce the differentiation of

cancer cells and cure this leukaemia, which survey results

had previously shown to be a very pejorative disorder

[126]. Finally, in dermatology, isotretinoin (13cisRA) was

the first and is still the main drug used in the treatment of

severe recalcitrant acne, and success rates are C60 % fol-

lowing an oral dose of isotretinoin for 3–4 months [127].

Because of common side effects (eye irritation, serum lipid

alterations, and mucocutaneous reactions from ATRA

syndrome), this drug should be reserved for patients with

severe conditions who are unresponsive to the conventional

therapy [128]. Adapalene� (differin), a naphthoic acid

derivative with retinoid-like activity, is also used as an

anti-acne drug. Several studies have shown that adapalene

0.1 % gel has the same efficacy as tretinoin (atRA)

0.025 % gel, but a better tolerability than isotretinoin (13-

cisRA) [129].

Retinoid placental transfer and toxicity

In 1982, the first published scientific work established the

dynamics of the transfer of retinol between foetuses and

their mothers through the placenta in the rat [130] and

sheep [131]. Some years later, the placental transfer of

retinoic acid and retinyl acetate was also demonstrated in

pregnant rats [132]. It is now well established that the

uptake of dietary retinoids at the maternal–foetal barrier

involves two pathways: the RBP-retinol complex through

the STRA6 and the retinyl esters bound to lipoproteins

modified by lipoprotein lipase [133]. The human placenta

is also able to esterify retinol and convert it into retinoic

acid [134]. A decrease in placental transfer of retinol was

proposed to explain the intra-uterine growth restrictions

[135]. In a toxic model of congenital diaphragmatic hernia

(foetal lung abnormalities), the mobilization of retinol from

placenta to foetal circulation was disturbed [136].

The use of RAR agonists/antagonists as therapeutic

agents during pregnancy has widely been discussed and

strongly depends on the stage of pregnancy. The toxicity of

retinoids during the first trimester has abundantly been

Fig. 5 Examples of agonists/antagonists of RARs and RXRs. AtRA

and 9cisRA are the natural agonists of RAR and RXR, respectively:

these endogenous ligands exert a physiological agonist action on the

receptors. Synthetic agonists/antagonists are shown in blue; different

classes of agonists and antagonists are presented and illustrated by

one example
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demonstrated [137], but is more controversial at later

stages, i.e., second and third trimesters. In later pregnancy,

several studies on animal models show that teratogenic

consequences are strongly dependent on the chemical

structure of the retinoid analogue. These differences are

partly due to binding affinities for both cellular retinoic-

acid-binding proteins (CRABPs) and later to the pathway

for the nuclear receptors themselves. For example, pla-

cental transfer of 13-cisRA, which does not bind to

CRABP, is less efficient than for atRA, which passes

rapidly through the placenta and reaches the developing

embryo, causing teratogenicity from a low concentration

[138, 139]. However, 13-cisRA can be highly teratogen by

its spontaneous isomerisation in atRA which passes

through the placenta. This isomer can also exert his action

by his fixation on membrane receptors and his ability to

inhibit key enzymes of the retinoid pathway [140, 141].

Such pharmacokinetic differences between isomers are the

first explanation for why one agonist may be less toxic than

another (e.g. 13-cisRA compared with atRA). It seems that

this explanation can be extended to all the cis isoforms of

retinoids, as also 9-cis [142]. Nevertheless, continuous

isomerisation of cis isoforms (for example 13-cis into all-

trans RA) during placental transfer could explain why even

if these isoforms are not themselves teratogenic, their

conversion can generate some compounds that are toxic for

the embryo [139]. Another explanation for the different

negative effects of retinoids during organogenesis may be

their frequency of administration. It has clearly been

demonstrated that multiple administration of all-trans

retinoic acid inducing its own elimination pathways (via

Cyp26 degradation enzymes) results in substantially low-

ered blood levels in the embryo, and teratogenicity [143].

The synthetic agonist CD394, which is also unable to bind

to CRABP, has pharmacokinetics close to 13-cisRA [144].

Ro 23-9223, a highly lipophilic aromatic retinoid, presents

a reduced placental transfer and is established as four times

less teratogenic than 13-cis RA for the same orally

administered quantity [145]. By contrast, some agonists do

not present any correlation between their toxic potency and

their ability to bind the binding proteins and/or receptors.

For example, the synthetic agonist TTNPB binds to RARa,
RARb, and CRABP with a lower affinity than atRA [146],

and yet, its teratogenic potency is 700 times higher than

atRA in mice [147]. This may be due to a lower metabolic

degradation of some synthetic ligands compared with the

natural retinoids [148]. Another point in terms of potential

teratogenicity has to be considered, namely receptor-

binding affinity. This was demonstrated using three RAR

agonists: CD336, CD2019, and CD437 for alpha, beta, and

gamma isoforms, respectively. The teratogenic potential of

these three RAR agonists was clearly established as the

resultant of the placental transfer properties added to the

receptor-binding activities linked to the tissue regioselec-

tivity of each entity [149].

It is generally difficult to predict drug teratogenesis in

humans from these animal studies, because of the many

differences in drug pharmacokinetics between species that

strongly depend on the placentation type [150, 151]. Ter-

atogenesis studies have been conducted on a wide range of

animal models, and so far, none of the test animals have

proved to offer a reliable model to predict teratogenesis in

humans. For example, rats, which historically have been

the most extensively studied model, exhibit low terato-

genicity for cortisone [152], thalidomide, and

trimethadione [153], which are nonetheless highly terato-

genic for humans. Among non-rodent species, rabbits have

been routinely used for teratogenic studies, but in the same

way, some important human teratogens, such as alcohol,

exhibit a poor teratogenic response in the rabbit model

[154]. Surprisingly, these differences from humans are also

observed in primate models, e.g., methotrexate is weakly

teratogenic in macaque and rhesus monkey models,

whereas it has been demonstrated to be severely terato-

genic at low concentrations in humans and rats [155].

Owing to these differences between species, identifying

teratogens in humans remains difficult, and unfortunately,

mostly happens after detrimental outcomes have been

recorded in clinical reports and observations of individual

cases. The most serious adverse effects have been descri-

bed for the isotretinoin drug (13-cis retinoic acid or

accutane). This substance, approved in 1982 for the treat-

ment of severe recalcitrant nodular acne, was responsible

within the first year of its commercialisation for 29 cases of

adverse reproductive outcomes in pregnant women who

took isotretinoin during the first trimester of gestation

[156]. It was reported that this chemical-induced abortion

and several foetal malformations, including cardiovascular,

central nervous system, and craniofacial defects, known as

retinoid acid embryopathy [157]. As a consequence of this

finding, women were advised to take contraception in

association with treatment by isotretinoin or to stop any

such treatment if they were seeking to become pregnant.

Such recommendations have also been made from results

concerning the half-lives of isotretinoin (10–20 h) and its

metabolite, 4-oxo-isotretinoin (17–50 h), which is quite

short. Thus, it is recommended to wait five times the half-

life (i.e. 1 month) for safe conception to return to the

baseline of this drug and its metabolite [158, 159].

What possibilities of treatment during pregnancy?

As described above, beside the toxicity of RAR agonists

during pregnancy, and especially during the first trime-

ster, the use of such agonists remains possible in some

clinical emergency cases during the second and the third
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trimesters [160]. This would be the case for women

diagnosed for acute promyelocytic leukaemia (APL)

during pregnancy. The standard treatment of APL for

newly diagnosed non-pregnant patients consists in

administering atRA combined with anthracycline-based

chemotherapy. This therapeutic protocol exhibits high

efficacy, with 90–95 % complete remission [161]. Con-

sidering that APL diagnosis is a medical emergency, its

management becomes a real clinical challenge when it

occurs during the first trimester of pregnancy. Given the

high teratogenic potency of RAR agonists at this stage

(demonstrated for 13-cisRA), the usual APL treatment

with atRA administration could not be conducted without

termination of pregnancy decided by the patient. How-

ever, if the diagnosis is made at later stages of

pregnancy, the current therapy with atRA administration

becomes possible and presents only a low teratogenic

risk. To date, no malformations related to retinoid

embryopathies have been reported for mothers treated

with atRA at the second and third trimesters [162],

arguing in this case for a possible use of RAR agonists

during later stages of pregnancy. Given the important

implications of the RXR-PPARs in the obstetric pathol-

ogy preeclampsia, some questions arise about using RXR

agonists to modulate the activation of this heterodimer.

Owing to the banning of PPAR agonists during preg-

nancy, the use of RXR agonists might offer a useful

opportunity. In fact, several in vivo and in vitro studies

have already demonstrated that RXR agonist and antag-

onist can be useful in the treatment for cancer [163]

Alzheimer’s disease [164], endocrine disorders, and

metabolic syndrome [165]. Nevertheless, the use of

RXRs as pharmacological targets remains difficult,

because of its pleiotropic roles involving numerous het-

erodimeric partners. Indeed, many agonists induced side

effects, such as blood triglyceride elevation or hypothy-

roidism [166, 167]. Nowadays, the only agonist used in

clinical practice is LGD1069 (12) in the treatment of

cutaneous T-cell lymphoma [168]. Studies of mouse

model permitted to develop specific agonists targeting

only one heterodimer of RXR and may further overcome

the adverse effects cited above [169, 170]. The same

questions arise with respect to some specific aspects of

chorioamnionitis, where partners of RARs and RXRs are

also described.

Conclusive remarks

The retinoids are deeply involved in the development of the

mammalian embryo and foetus. The nuclear retinoid sig-

nalling pathway is very complex in its metabolic and

molecular aspects, with the involvement of other nuclear

receptors when RXRs are present. Pharmacological prop-

erties of natural and/or synthetic retinoids are difficult to

model during gestation, due to complex links with pla-

centation. Taken together, these points highlight the

difficulties in using such natural compounds or synthetic

ligands during pregnancy in the case of obstetric patholo-

gies or treatment of maternal diseases already present

before conception.
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91. Sapin V, Dollé P, Hindelang C, Kastner P, Chambon P (1997)

Defects of the chorioallantoic placenta in mouse RXRalpha null

fetuses. Dev Biol 191:29–41

92. Datta K, Kulkarni AP (1996) Co-oxidation of all-trans retinol

acetate by human term placental lipoxygenase and soybean

lipoxygenase. Reprod Toxicol 10:105–112

93. Sapin V, Chaı̈b S, Blanchon L, Alexandre-Gouabau MC, Lém-

ery D, Charbonne F, Gallot D, Jacquetin B, Dastugue B, Azais-

Braesco V (2000) Esterification of vitamin A by the human

placenta involves villous mesenchymal fibroblasts. Pediatr Res

48(4):565–572

94. Stephanou A, Handwerger S (1995) Retinoic acid and thyroid

hormone regulate placental lactogen expression in human tro-

phoblast cells. Endocrinology 136(3):933–938

95. Stephanou A, Handwerger S (1995) Identification of a com-

posite steroid hormone response element on the human placental

lactogen promoter. Mol Cell Endocrinol 112(1):123–129

96. Guibourdenche J, Alsat E, Soncin F, Rochette-Egly C, Evain-

Brion D (1998) Retinoid receptors expression in human term

placenta: involvement of RXR alpha in retinoid induced-hCG

secretion. J Clin Endocrinol Metab 4:1384–1387

97. Roulier S, Rochette-Egly C, Rebut-Bonneton C, Porquet D,

Evain-Brion D (1994) Nuclear retinoic acid receptor character-

ization in cultured human trophoblast cells: effect of retinoic

acid on epidermal growth factor receptor expression. Mol Cell

Endocrinol 2:165–173

98. Vu-Dac N, Schoonjans K, Kosykh V, Dallongeville J, Heyman

RA, Staels B, Auwerx J (1996) Retinoids increase human

apolipoprotein A-11 expression through activation of the reti-

noid X receptor but not the retinoic acid receptor. Mol Cell Biol

7:3350–3360

99. Kogai T, Liu YY, Richter LL, Mody K, Kagechika H, Brent GA

(2010) Retinoic acid induces expression of the thyroid hormone

transporter, monocarboxylate transporter 8 (Mct8). J Biol Chem

35:27279–27288

100. Hollung K, Rise CP, Drevon CA, Reseland JE (2004) Tissue-

specific regulation of leptin expression and secretion by all-trans

retinoic acid. J Cell Biochem 92(2):307–315

101. Holdsworth-Carson SJ, Permezel M, Riley C, Rice GE, Lappas

M (2009) Peroxisome proliferator-activated receptors and reti-

noid X receptor-alpha in term human gestational tissues: tissue

specific and labour-associated changes. Placenta 30(2):176–186

102. Wang Y, Lin Q, Wang X, Lu P, Sheng Z, Ding C, Hong Y, Li W

(2002) Expression of lethal gene mRNA on placenta villi in

patients with spontaneous abortion. Zhonghua Fu Chan Ke Za

Zhi 37(9):542–545

103. Holdsworth-Carson SJ, Permezel M, Rice GE, Lappas M (2009)

Preterm and infection-driven preterm labor: the role of peroxi-

some proliferator-activated receptors and retinoid X receptor.

Reproduction 137(6):1007–1015

104. Nakanishi T, Nishikawa J, Hiromori Y, Yokoyama H, Koyanagi

M, Takasuga S, Ishizaki J, Watanabe M, Isa S, Utoguchi N, Itoh

N, Kohno Y, Nishihara T, Tanaka K (2005) Trialkyltin com-

pounds bind retinoid X receptor to alter human placental

endocrine functions. Mol Endocrinol 19(10):2502–2516

105. Marceau G, Gallot D, Borel V, Lémery D, Dastugue B, Dech-
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