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Abstract. Beyond their classical nutritional roles, nutri-
ents modify gene expression and function in target cells
and, by so doing, affect many fundamental biological
processes. An emerging example, which is the focus of
this review, is the involvement of vitamin A in the regula-
tion of the level and functioning of body fat reserves.
Retinoic acid, the carboxylic acid form of vitamin A, is a
transcriptional activator of the genes encoding uncoupling
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proteins, and results in animals indicate that whole body
thermogenic capacity is related to the vitamin A status.
Retinoic acid also influences adipocyte differentiation and
survival, with high doses inhibiting and low doses pro-
moting adipogenesis of preadipose cells in culture. More-
over, vitamin A status can influence the development and
function of adipose tissues in whole animals, with a low
vitamin A status favouring increased fat deposition. 

Introduction

Regulation of body fat reserves and body weight of mam-
mals is achieved through a very complex and integrated
system of which key elements are: (i) control of feeding,
basically through appetite modulation; (ii) control of en-
ergy efficiency and in particular of adaptive thermogene-
sis, a process that allows dissipation of part of the energy
contained in food as heat, instead of accumulating it as fat;
(iii) control of adipose tissue development and metabo-
lism and (iv) the control of nutrient partitioning, i.e. the
distribution of nutrients between tissues, which conditions
the possibilities of adipose tissue growth (reviewed in [1]).
Each of these processes is influenced by a variety of indi-
vidual genetic traits, which are in turn modified by envi-
ronmental and psychosocial factors. Among these, dietary
factors can greatly condition the development of obesity
and its medical complications. 
The connection between diet and body homeostasis is be-
coming increasingly understood with the realization that

beyond their classical nutritional roles, nutrients (and also
nonnutrient components) in foods can modify gene ex-
pression and function in target cells. Through effects on
gene expression mainly, vitamin A affects at least two
processes related to energy balance: adaptive thermogen-
esis and the development and metabolism of adipose tis-
sues. Evidence for a physiologically relevant regulatory
role of vitamin A in the body weight control system has
accumulated and is reviewed here.

Mechanisms of retinoid action 

Vitamin A is found in the body in three main forms or vi-
tamers that differ in their oxidation state: the hydroxyl
form (retinol), the aldehyde form (retinal) and the car-
boxylic form (retinoic acid, RA) (fig. 1). Vitamin A vita-
mers exist in different isomeric forms and are usually
found complexed with proteins or, in the case of retinol,
esterified to organic acids (mainly fatty acids) forming
retinyl esters, which constitute the storage form of the vi-
tamin. The three vitamin A vitamers together with their* Corresponding author.
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metabolites and synthetic analogues are collectively
named retinoids.
Retinoids play a critical role in a variety of essential life
processes, including vision, reproduction, hemato-
poiesis, embryonic development and modulation of the
growth and differentiation of a wide variety of mam-
malian cell types. Other than vision, which requires reti-
nal, the active form of vitamin A in most of these
processes is RA [2]. Two biologically active isomers 
of RA are known, all-trans RA and 9-cis RA. Iso-
merization in vivo between the two isomers has been 
described [3].
Most of the biological effects of RAs involve the ac-
tivation of ligand-dependent transcription factors of the
nuclear hormone receptor superfamily, the retinoid re-
ceptors. Two types of these receptors are known: the
retinoic acid receptors (RARs), which are responsive 
to both all-trans RA and 9-cis RA, and the rexinoid 
receptors (RXRs), which are responsive to the 9-cis RA
isomer specifically. Three subtypes of RARs (RARa,
RARb and RARg) and RXRs (RXRa, RXRb and 
RXRg) have been described in mammalian tissues, which
are encoded by different genes and show distinct de-
velopmental- and tissue-specific regulated expres-
sion [4, 5].
RARs bind as RAR:RXR heterodimer to specific DNA
target sequences (RA response elements or RAREs) in
promoter/enhancer regions of RA-responsive genes. In 
a ligand-dependent manner and through protein co-
factors (corepressors and coactivators) that it tethers, 
the RAR:RXR heterodimer interacts with components 
of the basal transcriptional machinery and/or conditions
changes in chromatin condensation, resulting in changes
in the frequency of transcription initiation (reviewed in
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[6]). This ultimately leads to changes in gene expres-
sion that mediate biological effects. Activation of RA-
target genes upon all-trans RA or 9-cis RA binding to 
the RAR moiety is common, but there are also examples
of RA-dependent repression (i.e. genes negatively re-
gulated by RA). Moreover, the net effect of RA on the
transcription of a given gene can be cell type dependent
(see for instance references [7, 8]), probably reflecting 
differences in chromatin structure and in the collection 
of receptors and cofactors that are present and their 
functional state.
Besides forming RAR:RXR heterodimers, RXRs mediate
9-cis RA-induced gene expression by interacting as 
homodimers with a specific subset of RAREs found in 
the promoter of 9-cis RA target genes, and are promiscu-
ous heterodimerization partners for other nuclear hor-
mone receptors, such as the thyroid hormone receptors
(TRs), the vitamin D receptors (VDRs) and the peroxi-
some proliferator activated receptors (PPARs, a lipid-
activated family of the nuclear hormone receptor super-
family) (reviewed in [5, 6]). Some RXR-containing 
heterodimers (such as TR:RXR, VDR:RXR and
RAR:RXR) are activated by the partner’s ligand but not 
by an RXR ligand (9-cis RA) alone. Other RXR het-
erodimers, including the PPAR:RXR [9], can be activated
by ligands of either partner and are synergistically acti-
vated in the presence of both ligands. In addition, 9-cis
RA may in some instances favour RXR homodimer for-
mation [10], which can lead to unavailability for het-
erodimer formation with other receptors. Therefore,
RXR ligands have the potential to affect the signalling 
of other pathways. 
Another mechanism by which retinoid receptors can affect
gene expression is by interfering positively or negatively,

Figure 1. Chemical structures of some biologically active retinoids. Retinol appears to be essential for fertility and may be stored as retinyl
esters or converted to the aldehyde form (retinal). The latter is required for the vision process and can be converted into all-trans-retinoic
acid (RA) through an irreversible oxidation. all-trans RA and its natural isomers are responsible for most of the effects of vitamin A on cell
growth and differentiation.



in a ligand-dependent manner, with the activity of other
transcription factors, a mechanism known as ‘transcrip-
tional cross-talk’. A well-established example is the mu-
tual transrepression between ligand-bound RARs and the
transcription factor AP1 (the FOS-JUN heterodimer),
which results in inhibition of the ability of both AP1 and
the RAR to transactivate their corresponding target genes
(reviewed in [11]). AP1 induces the expression of genes
involved in cell proliferation in response to growth factors
and inflammatory peptides, and transrepresion of
AP1 may account, at least in part, for the antiproliferative
effects of retinoids reported in many cancer and noncancer
cell lines.
Retinoids can affect cellular functions through other
mechanisms. For instance, activation of the phos-
phatidylinositol 3-kinase/Akt signalling pathway by all-
trans RA, presumably through an extragenomic action of
its liganded receptor, was recently found to be essential for
neural differentiation of human neuroblastoma cells [12].
Direct effects of retinoids, nonmediated by retinoid re-
ceptors, can also be of importance. As an example, a di-
rect interaction of all-trans RA with protein kinase C
(PKC) resulting in the prevention of PKC activation was
demonstrated in vitro [13], suggesting that RA may con-
tribute to fine tuning of PKC activity in the cell. Phos-
phatidylinositol 3-kinase/Akt and PKC signalling path-
ways control many cell functions at various levels,
including gene expression, and therefore modulation of
these pathways by RA can result in specific changes in
gene expression and cell metabolism.

Vitamin A and adipose tissues

Vertebrates possess two general types of adipose tissue,
brown and white. White adipose tissue (WAT) stores en-
ergy in the form of triacylglycerols and releases energy in
the form of free fatty acids according to the nutritional
needs of the animal, whereas brown adipose tissue (BAT)
can use its fat stores to produce heat in a regulated man-
ner (see below). In addition, adipose tissues actively par-
ticipate in systemic control of energy balance and other
physiological functions through the secretion of key sig-
nalling molecules, among them various proteins (collec-
tively named adipokines), such as leptin, resistin,
adiponectin and tumour necrosis factor [14, 15].
Adipose tissues play an active role in retinoid homeosta-
sis and metabolism (reviewed in [16]): they can take up
circulating retinol, store it as esters with fatty acids
(retinyl esters), convert it into RA, and mobilize their
retinol stores to meet both local and total body demands
(fig. 2). The liver is the main organ involved in retinoid
storage and metabolism [17], but it has been estimated
that in the rat, all adipose depots could account for
15–20% of the total body retinoid stores [18]. Retinol in
adipose tissue can be derived from lipoprotein lipase hy-
drolysis of retinyl esters contained in postprandial chy-
lomicrons [19] or can be taken up from circulating retinol:
retinol-binding protein (RBP) complexes. RBP is a small
protein expressed mainly, although not exclusively, in the
liver that is critical for the mobilization of retinol from tis-
sue storage pools [20]. Interestingly, both WAT and BAT
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Figure 2. Overview of retinoid metabolism in adipocytes. See text for details. Abbreviations: 9cRA, 9-cis retinoid acid; tRA, all-trans
retinoic acid; CRABP, cellular retinoic acid binding protein; CRBP, cellular retinol binding protein; LPL, lipoprotein lipase; NR, nuclear
hormone receptor; RAR, retinoic acid receptor; RXR, rexinoid receptor; RBP, retinol binding protein.



are well equipped for retinol export, since the two tissues
express RBP at high levels [18]; indeed, retinol efflux
from adipocytes has been demonstrated [21]. Inside the
cells, retinol complexes with cellular retinol binding pro-
tein (CRBP), which is crucial for solubilizing the retinol
in the aqueous cytosol, for protecting the cell from the
membranolytic effects of free retinol and for retinol me-
tabolism, as the retinol-CRBP complex appears to be the
optimal substrate for either retinol esterification or oxi-
dation to RA [20]. Like RBP, CRBP is highly expressed in
adipose tissues [18]. Adipose tissues contain RA at con-
centrations similar to that found in the liver [22]. This RA
is mainly the result of local synthesis [22], presumably
from retinol or certain carotenoids by mechanisms simi-
lar to those operating in other tissues (reviewed in
[23, 24]), but some derives from systemic RA [22], which
circulates in blood at low levels bound to albumin.
In addition of being involved in retinoid homeostasis, adi-
pose tissues have long been recognized as potential sites
of retinoid action. Retinoid receptors belonging to both
the RAR and RXR subfamilies are expressed in WAT and
BAT [16, 25–27]. The two adipose tissues show a differ-
ential pattern of expression of RAR and RXR subtypes:
RARb and RXRg messenger RNAs (mRNAs), for in-
stance, are expressed at low levels in WAT depots and dif-
ferentiated 3T3-L1 white adipocytes [26] and are more
abundant in BAT and brown adipocytes differentiated in
culture [27, 28]. Interestingly, RAR and RXR mRNAs ex-
perience characteristic changes in their relative abun-
dances throughout the process of acquisition of the mature
adipocyte phenotype [28, 29]. Furthermore, RA auto-
modulates the steady-state levels of its receptors (both
RAR and RXR isoforms), and this seems to be an impor-
tant component of the response of adipose tissues to RA
(see below) [26, 28, 30, 31].

Vitamin A and the thermogenic system

Some energy is released as heat (thermogenesis) in all
bioenergetic transformations; the term ‘adaptive thermo-
genesis’ refers to a variety of mechanisms that specifically
function to produce heat in a physiologically regulated
manner. The best known of these mechanisms is the one
operating in BAT. Key to BAT thermogenesis is the ac-
tivity of the uncoupling protein 1 (UCP1), an inner 
mitochondrial membrane protein uniquely expressed in
differentiated brown adipocytes that is capable of short-
circuiting the proton gradient generated by the respiratory
chain during nutrient oxidation, thereby uncoupling fuel
oxidation from ATP synthesis and generating heat (re-
viewed in [32]). 
In small mammals, where the tissue is abundant, BAT
thermogenesis plays a critical role in the adaptation to
cold, and appears to play an important role in the control

of energy efficiency and body weight as well [1, 32–34].
Considering that BAT is scarce in adult humans, the dis-
covery in 1997 of novel, UCP1-like, putative uncoupling
proteins that are expressed in non-BAT tissues, such as
UCP2 and UCP3 (reviewed in [35]), led to a renewed in-
terest on UCPs as potential, though not confirmed, play-
ers in the regulation of whole-body energy metabolism.
Both in rodents and humans, UCP3 is selectively ex-
pressed in BAT and skeletal muscle, two tissues that are
thought to be major contributors to overall metabolic rate,
and UCP2 in a variety of tissues. However, the physio-
logical role(s) of the novel UCPs is still a matter of debate,
and it has been suggested that they may be involved as
well in downregulation of mitochondrial reactive oxygen
species production, downregulation of ATP synthesis and
facilitation of the handling of lipids as fuel substrate
[36–40].
Adaptive thermogenesis is, by definition, regulated. In the
case of BAT thermogenesis, regulation exerted by the
sympathetic nervous system (SNS), which densely inner-
vates the tissue, is well established. The noradrenaline re-
leased from stimulated SNS terminals promotes brown
adipocyte cell proliferation, mitochondriogenesis and
UCP1 expression at the transcriptional level, and activates
thermogenesis by stimulating lipolysis, rendering free
fatty acids that are used as a fuel for thermogenesis and
are activators of the UCP1 [41, 42]. Various hormones and
nutrients contribute to the regulation of the expression/ac-
tivity of the UCPs, and vitamin A, in the form of RA, ap-
pears to play an important role. 

Vitamin A and UCP1 expression
RA is a transcriptional activator of UCP1 gene expression,
as demonstrated both in brown adipocyte cell culture sys-
tems [43, 44] and whole animals [44–46]. b-carotene and
other naturally occurring carotenoids also stimulate
UCP1 expression in cultured brown adipocytes, an effect
that could be due, at least in part, to their local conversion
into RA [47].
In confluent brown adipocytes in primary culture, all-
trans RA and 9-cis RA displayed a similar effectiveness as
UCP1 inducers that was comparable to that of noradren-
aline, dose-dependent and dependent on the stage of cell
differentiation, the effect being restricted to differentiated
cells [43, 44]. Corroborating the results obtained in cell
systems, it was found that in vivo administration of all-
trans RA or 9-cis RA to mice led to an increase of BAT-
specific UCP1 protein and mRNA content that correlated
with a significant loss of BAT lipids and BAT weight
[44, 46]. An increased BAT UCP1 mRNA level was also
reported in rats acutely treated with RA [45], and in rats
and mice chronically fed vitamin A-supplemented diets
with 40–50-fold the usual dose [48, 49]. Long-term vita-
min A-deficient diet feeding, on the other hand, triggered
in mice a reduction of BAT thermogenic capacity in terms
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of UCP1 mRNA and protein expression levels that corre-
lated with increased BAT weight and BAT adiposity [46].
Considered together, these results indicate that in rodents,
thermogenic capacity of BAT is related to the animal’s vi-
tamin A status, thus supporting the importance of
retinoids as physiological regulators of the BAT thermo-
genic system. The RA regulatory pathway may modulate
changes in BAT thermogenesis associated with ontogeny
and cell differentiation that are not attributable to adren-
ergic regulation.
The retinoid responsiveness of the UCP1 gene is quite
well understood at the molecular level. Expression of the
UCP1 gene is under the control of two regions upstream
of the gene: a proximal regulatory region and a distal en-
hancer, which are required for hormonal, nutritional and
differentiation-dependent regulation [50] (fig. 3). The ac-
tion of RA on the UCP1 gene occurs through a complex
retinoid-responsive region in the distal enhancer. There are
at least two cis elements inside this region that may con-
tribute to the RA effects: a noncanonical RARE [51, 52]
that binds RAR:RXR heterodimers and a PPAR response
element [53] that binds PPAR:RXR heterodimers.
RAR:RXR heterodimers can transactivate transcription of
sensitive genes upon binding of all-trans RA or 9-cis RA
to the RAR moiety, while PPAR:RXR heterodimers re-
quire binding of 9-cis RA to the RXR moiety, in addition
to a PPAR ligand (likely certain fatty acids or fatty acid
derivatives), for maximal transactivating effect on tran-
scription [9]. The involvement of both RAR- and RXR-
dependent pathways is indicated by the ability of overex-
pressed receptors to enhance the responsiveness of the
UCP1 gene to retinoids in transfection experiments
[28, 43] and by the ability of selective receptor antagonists
to suppress RA-induced UCP1 appearance in cell culture
systems [31]. 

Vitamin A and UCP3 expression
Like the UCP1 gene promoter, the UCP3 gene promoter
contains a RARE and a PPAR response element [54, 55],
and there is compelling evidence that RA can modulate
the expression of UCP3 in skeletal muscle. Induction of
UCP3 gene transcription by RA was reported in differen-
tiated myotubes in cell culture [55, 56]. In mice, both
acute RA treatment and chronic dietary vitamin A sup-
plementation resulted in increased skeletal muscle
UCP3 mRNA and protein expression levels [49], while
long-term vitamin A-deficient diet feeding leads to re-
duced levels [F. Felipe, J. Ribot, M. L. Bonet et al., un-
published results]. 
The upregulating effect of retinoids on UCP3 expression
in vivo was found in muscle but not in BAT [46, 49]. Sev-
eral hypotheses can be suggested to explain this muscle-
specific effect of retinoids. First, RA-stimulated UCP3
gene expression could require the interaction of
RAR : RXR heterodimers with a muscle-specific tran-
scription factor. In fact, it has been shown in transfection
experiments that the RAR : RXR-mediated stimulatory 
effect of RA on UCP3 gene expression is completely 
dependent on cotransfection of MyoD [55], a master reg-
ulator of muscle cell differentiation that is selectively ex-
pressed in cells of the myogenic lineage. Another possi-
bility is that RAR and/or RXR isoforms differentially 
expressed in muscle and BAT mediate the effect of reti-
noids on the UCP3 gene. In this context, it is known that
of the three known RXR subtypes, RXRg displays a re-
stricted expression in cells of the myogenic lineage [57].
Interestingly, RA induction of UCP3 gene expression in
cultured myotubes is blocked by insulin [58]. The effect of
insulin is likely to be mediated by the sterol regulatory el-
ement binding protein-1c (SREBP-1c), whose expression
is induced by insulin ([58] and references therein), be-
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Figure 3. Retinoids and UCP1. Retinoids can stimulate UCP1 gene transcription through effects mediated by both PPAR:RXR and
RAR:RXR heterodimers, for which response elements are found in the UCP1 gene promoter. A role for retinoic acid on UCP1 protein ac-
tivation has also been proposed [62] and is diagrammed. Abbreviations: PPAR, peroxisome proliferator-activated receptor; PPRE, PPAR
response element; RA, retinoic acid; RAR, RA receptor; RARE, RA response element; RXR, rexinoid receptor.



cause overexpression of a dominant positive form of
SREBP-1c also antagonized the RA induction of UCP3
expression [58]. Negative regulation of muscle UCP3 by
insulin is consistent with the idea that the role of UCP3 is
linked to the switch from glucose to fat oxidation. 

Vitamin A and UCP2 expression
No RARE or PPAR response elements have been de-
scribed in the promoter of the UCP2 gene of humans or
rodents. Moreover, evidence was provided that PPARg
does not bind directly to the mouse UCP2 gene promoter
[59]. In spite of that, retinoids [46, 60, 61] and PPAR li-
gands ([59] and references therein) have been reported 
to induce UCP2 gene expression in different systems. 
Focusing on retinoids, 9-cis RA was shown to upregulate
UCP2 mRNA expression in brown adipocytes in primary
culture [60], and all-trans-RA was shown to do the same
in L6 myotubes [61]. In keeping with these results in cul-
tured cells, BAT UCP2 mRNA levels were found upregu-
lated after RA treatment of mice and downregulated after
chronic vitamin A-deficient diet feeding [46]. 

Retinoic acid as a modulator of the activity 
of the UCPs
The possibility exists (reflected in fig. 3) that RA triggers
not only increased transcription of the UCP genes but also
activation of preexisting UCP molecules, because RA was
shown to increase proton transport activity by UCP1 in
BAT mitochondria, and by UCP1 and UCP2 ectopically
expressed in recombinant yeasts [62]. However, no
changes in whole body oxygen consumption were de-
tected in rats following acute RA administration, sug-
gesting that RA may play a more important role in the re-
cruitment of BAT thermogenesis than in the acute
activation of thermogenesis [45]. 

Vitamin A and adipogenesis

RA was recognized as a potent inhibitor of adipocyte dif-
ferentiation 20 years ago [63], when it was shown that
high RA doses (0.1–1 mM), when added to differentiating
3T3-F442A preadipose cells at early stages of the differ-
entiation process, inhibited lipid accumulation and the in-
duction of molecular markers of adipocyte differentiation.
RA was also shown to inhibit adipogenesis of brown
preadipose cells in culture [44, 64], despite the fact that it
induces UCP1 expression in already differentiated brown
fat cells [43, 44]. Besides inhibiting adipose conversion,
RA (10 mM) has been shown to promote apoptosis of rat
preadipocytes (stromal-vascular cells isolated from in-
guinal adipose tissue) in primary culture [65] and of 3T3-
L1 preadipocytes cultured in delipidated serum [29].
Adipogenesis is a complex process that has been exten-
sively studied in committed clonal cell lines (such as 3T3-

L1 or 3T3-F442A), where it depends on the cooperative
and sequential action of several transcription factors, in-
cluding various members of the CCAAT-enhancer binding
protein (C/EBP) family of b-ZIP transcription factors and
a particular subtype of PPARs, PPARg (reviewed in [66]).
Briefly, the regulatory cascade controlling adipogenesis is
initiated by the transitory induction of C/EBPb and
C/EBPd in response to adequate hormonal stimulation.
This is followed by the induction of PPARg, which in turn
induces the expression of C/EBPa. PPARg and C/EBPa
activate de novo or enhanced expression of most or all of
the adipocyte marker genes. PPARg acts on transcription
as heterodimer with RXR, and of note, expression of RXR
isoforms is upregulated during adipogenesis of clonal cell
lines [29].
Changes in gene transcription during adipogenesis are
tightly coordinated with changes in cell cycle progression.
Retinoblastoma protein (RB) plays a key role in this co-
ordination, as first suggested in 1994 [67]. It is known that
hypophosphorylation of RB stalls cell cycle progression in
G1 and that phosphorylation of RB signals entry in S
phase. The levels of hypophosphorylated RB increase
along the adipogenic process [67–69]: this prevents reen-
try of the cells into the cell cycle and may contribute to
strengthen the C/EBPa transcriptional function, because
a physical interaction between hypophosphorylated RB
and C/EBPa resulting in the potentiation of the transcrip-
tional activity of C/EBPa has been demonstrated in both
white and brown adipocyte model systems [67, 69, 70].
Hypophosphorylation of RB requires the presence and ac-
tivity of cyclin-dependent kinase inhibitors [71]. In 3T3-
L1 cells, the shift from dividing preadipocytes to growth-
arrested cells is associated with an increase in the
expression of two of these inhibitors, p21and p27 [72]. In-
terestingly, transcription of the p21 gene is induced by
both PPARg and C/EBPa, thus providing a molecular
mechanism coupling growth arrest and adipocyte differ-
entiation [72, 73]. 
The molecular bases of the RA-inhibitory effect on adi-
pogenesis are multiple (fig. 4). First, RA interferes with
the transcriptional activity of C/EBP proteins, so that it
blocks the C/EBPb-mediated induction of downstream
genes [74], notably PPARg. This effect of RA is mediated
through activation of RAR, especially RARa [75], but
does not depend on binding of liganded RAR to response
elements on target genes [74]. Second, RA strongly up-
regulates RARg expression in 3T3-L1 preadipocytes,
while at the same time it downregulates RXRa expression
[26, 30]: this may contribute to the inhibitory effect of RA
on adipogenesis by favouring RAR:RXR heterodimer for-
mation over PPARg:RXR heterodimer formation. Third,
addition of RA at the time of adipogenic stimulation low-
ers the levels of hypophosphorylated RB [76] and favours
the maintenance of substantial amounts of hyperphos-
phorylated RB [68] and thus the retention of the prolifer-
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ative capacity, which is incompatible with terminal dif-
ferentiation. Promotion of RB hyperphosphorylation by
RA may be related to the fact that RA elicited a dramatic
reduction of the levels of the cyclin-dependent protein ki-
nase inhibitor p21 in 3T3-F442A cells, as measured by
Western blot [76]. Reduction of p21 levels may be sec-
ondary to the RA-induced reduction of PPARg and
C/EBPa levels (as stated, these two transcription factors
transactivate the p21 gene), but a direct negative effect of
RA on p21 gene transcription is also possible, especially
considering that the promoter of the p21 gene contains a
functional RARE [7]. 
Contrary to high RA doses, low RA doses (1–10 nM) –
close or below the Kd values of RARs – were shown to
stimulate adipogenesis of preadipose cells in culture [77].
Moreover, commitment of embryonic stem cells into the
adipocyte lineage was found to be dependent on an early,
time-defined treatment with all-trans RA [78, 79]. The
molecular mechanisms by which low concentrations of
RA stimulate adipogenesis have not been determined.
Low RA doses may be needed to provide enough 9-cis RA
to ensure the activation of the RXR moiety of the
PPARg:RXR heterodimer (fig. 4). In fact, synthetic spe-
cific RXR ligands have been shown to promote adipoge-
nesis, especially in conjunction with PPAR ligands, in
keeping with the bifunctionality of the PPAR:RXR het-
erodimer [80]. It appears that the net effect of retinoids on
adipogenesis is the result of a complex balance between
RA metabolism and relative RAR and RXR availability in

the preadipose cell [16], which in itself is greatly influ-
enced by RA [26, 28, 30, 31]. 
The studies reviewed in this section suggest that RA in-
fluences adipocyte differentiation and survival in cell cul-
ture systems. Evidence that RA treatment and vitamin A
status influence body adiposity in vivo is reviewed in the
next section.

Vitamin A and body fat

Adipose depots of adult animals are made out basically of
mature adipocytes but contain a discrete number of
preadipocytes that can proliferate and differentiate under
appropriate conditions. At any time, adipose tissue mass
reflects the number and average volume of adipose cells.
Adipocyte volume is determined by the balance between
lipogenesis and lipolysis (and thermogenesis, in the case
of brown adipocytes). Adipocyte number, on the other
hand, is determined by the relative rates of cell acquisition,
by preadipocyte replication/differentiation, and of cell loss
by apoptosis. There is evidence that in vivo, PPARg is crit-
ical both for adipogenesis and lipogenesis [66]: most
PPARg target genes in adipose tissue are directly impli-
cated in lipogenic pathways. 
In adult NMRI male mice, acute RA treatment (100 mg of
all-trans RA/kg body weight, during the 4 days preceding
death) triggered a 12% reduction of body weight that
could not be completely accounted for by the observed
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Figure 4. Retinoids in adipocyte differentiation and cell cycle. Adipogenesis in response to hormonal stimulus is initiated by the induction
of C/EBPb, which induces the expression of PPARg, which in turn induces the expression of C/EBPa. PPARg:RXR heterodimers and
C/EBPa activate de novo or enhanced expression of the adipocyte marker genes, and of the cyclin-dependent protein kinase inhibitor p21,
favouring RB hypohosphorylation and thus cell cycle exit. In addition, a functional interaction (+) between hypophosphorylated RB and
C/EBPa may contribute to adipocyte differentiation. RA interferes with the activity of C/EBPb in an effect that is mediated through RARs
(a); favours hyperphosphorylation of the RB, through downregulation of p21 expression (b); and modulates PPAR:RXR heterodimer for-
mation and activity (c). See text for references and further details. Abbreviations: C/EBP, CCAAT/enhancer binding protein; p21, cyclin-
dependent protein kinase inhibitor p21; PPAR, peroxisome proliferator-activated receptor; RB, hypophosphorylated retinoblastoma protein;
pRB, hyperphosphorylated retinoblastoma protein; RAR, RA receptor; RXR, rexinoid receptor.



changes in energy intake [44, 46, 81], and a strong reduc-
tion of body fat content (the combined weight of inter-
scapular BAT, epididymal WAT and inguinal WAT was 
reduced by 46% in the RA-treated animals, as compared
with control animals) [81]. RA-induced reduction of 
adiposity correlated with downregulation of the expres-
sion of transcription factors controlling adipocyte differ-
entiation and metabolism, notably PPARg, in both WAT
and BAT depots [81] and, as discussed in a previous 
section, with an upregulation of the expression of UCPs 
in BAT and muscle. Reduction of adiposity after in vivo
RA treatment agrees with the inhibitory effect of high RA
doses on adipogenesis, its proapoptotic effects on fat cells
and its prothermogenic effects, all of which have been
demonstrated in cell culture systems (see above). Thus, re-
duced adipogenesis/lipogenesis and enhanced lipolysis
and apoptosis in fat depots, together with enhanced whole
body thermogenesis, are all likely to contribute to the 
reduced adiposity of RA-treated animals. 
The effects of long-term dietary vitamin A supplementa-
tion on body adiposity and energy balance have been ad-
dressed in a few studies. In F-344xBN rats, a 9% decrease
of adiposity was reported after dietary vitamin A supple-
mentation (during 8 weeks, with 50-fold the usual dose)
that associated with a 31% increase of BAT UCP1 mRNA
expression levels [48]. In obesity-prone C57BL/6J 
mice, chronic dietary vitamin A supplementation (during
18 weeks, with 40-fold the usual dose) was reported to
have no impact on body weight or adiposity under a nor-
mal fat diet, even though it increased the expression of
UCP1 mRNA levels in BAT and of UCP3 mRNA and pro-
tein levels in skeletal muscle [49]. Vitamin A supplemen-
tation had, nevertheless, some counterbalancing effect on
the development of diet-induced obesity in C57BL/6J
mice, with a trend to lower body weight gain in the group
fed the vitamin A-supplemented high fat diet compared
with the one fed the nonsupplemented high-fat diet [49].
This trend was not attributable to differences in energy in-
take, or to differences in thermogenic capacity (the posi-
tive effects of high fat diet and vitamin A supplementation
on the expression of UCPs were found in this study to be
nonadditive).
The effect of a relative dietary deficit in vitamin A on 
adipose tissue status has also been addressed. An en-
hanced expression of PPARg was found in WAT depots 
of adult mice chronically fed (10 weeks) a vitamin A-
deficient diet (with less than 7% the standard vitamin A
content) [81], suggesting that the capability for adipoge-
nesis/lipogenesis increases when the diet is poor in vita-
min A. In fact, these vitamin A-deficient diet-fed mice 
had a markedly increased adiposity (the combined weight
of interscapular BAT, epididymal WAT and inguinal WAT
was increased by 63% in the deficient diet-fed animals, 
as compared with the standard diet-fed animals) and a
slightly (3%) increased body weight, despite having an

energy intake equal to that of standard diet-fed animals
[81]. These results agree with the observation that diets
poor in dietary fat-soluble vitamins, especially vitamin A
and carotenoids, favour adipose tissue formation in sirloin
(the so-called bovine marbling) [30]. Of note, there are
studies linking a low dietary intake of vitamin A with 
high incidence of obesity in certain human populations,
such as Navajo women [82] and the Havasupai [83]. The
hypertrophy of WAT in vitamin A-deficient diet-fed ani-
mals may be related to the proadipogenic effect of low RA
doses reported in cultured preadipose cells [77].
Interestingly, RA has been shown to inhibit leptin pro-
duction and secretion by adipose tissues in organ culture
[84] and after in vivo administration [45, 46]. Less leptin
usually means more hunger and less energy expenditure;
considering the lipolytic effects of acute RA doses, the in-
hibitory effect of RA on leptin production and secretion
may be part of a regulatory feedback loop to avoid fat de-
pletion. Dietary vitamin A supplementation also inhibited
adipose tissue leptin production and secretion in rodents,
to an extent that largely exceeded the small (if any) re-
duction of fat stores it elicited [48, 49]. The latter result in-
dicates that the inhibitory effect of retinoids on leptin ex-
pression is not merely secondary to a reduction of fat
content and could be a direct effect. 

Concluding remarks

In rodents, vitamin A status plays a role in modulating
BAT and WAT function and development, with potential
impact on body adiposity and body weight. Acute treat-
ment with RA causes a reduction of adiposity that cor-
relates with a depressed adipogenic/lipogenic potential 
of adipose tissues (with depressed PPARg levels) and an
increased thermogenic potential in BAT (with increased
expression of UCP1 and UCP2) and muscle (with in-
creased expression of UCP3). Chronic dietary vitamin A
supplementation also increases thermogenic potential 
in BAT and muscle, and appears to confer some resistance
to the development of obesity under high fat diet. A 
poor vitamin A status, on the other hand, favours an 
increment of adiposity that correlates with an in-
creased WAT adipogenic potential and a depressed ther-
mogenic potential. Knowledge of nutrients with both 
thermogenic and antiadipogenic properties could be 
useful in designing diets to help control body fat content
and body weight.
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