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Abstract. Vitamin A and its derivatives, the retinoids, essential for human health, modulate several physiological processes
through their interactions with the nuclear retinoic acid receptors (RARs) and retinoid X receptors (RXRs). They are involved in
the modulation of cerebral plasticity including hippocampal neurogenesis and synaptic plasticity, known to underlie cognitive
processes. Interestingly, retinoic acid (RA) hyposignaling, which contributes to the deterioration of hippocampal plasticity and
function during aging, can be reversed by vitamin A supplementation or RA treatment. However, it is still not clear how vitamin A
status modulates plasticity and memory. It is commonly accepted that RA, by binding to its specific nuclear receptors, regulates
gene expression, including the expression of plasticity-related genes. Moreover, recent studies suggest that vitamin A could
participate in the maintenance of neurobiological functions indirectly, through the glucocorticoid pathway. Here, we present
data supporting the importance of vitamin A status in the maintenance of memory processes, and the contribution of naturally
occurring RA hyposignaling during aging to the etiology of cognitive decline. We propose that vitamin A supplementation
or RA treatment could be a potent way to prevent age-related cognitive impairments by maintaining normal vitamin A and
glucocorticoid (GC) status in seniors.
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LTP
LTD
MR
RA
RALDH
RAR
RARE
RBP
RE
RXR
TR
TTR
VAD

long-term potentiation
long-term depression
mineralocorticoid receptor
retinoic acid
retinal dehydrogenase
retinoic acid receptor
RA response element
retinol-binding protein
retinyl esters
retinoid X receptor
thyroid hormone receptor
transthyretin
vitamin A deficiency

1. Introduction
Vitamin A (retinol) is an essential liposoluble nutrient for humans. It is present in foods of animal origin
such as liver, eggs and dairy products. Provitamin A
– carotenoids from plants that are partly converted to
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retinol by vertebrates – are an alternative source of
vitamin A. However, they are an order of magnitude
less efficient as a source of retinol. Retinoids, a family
of compounds derived from vitamin A, have numerous important functions in many tissues, including
vision, the maintenance of epithelial surfaces, immune
competence, reproduction, and embryonic growth and
development [1]. The majority of these functions
(mechanisms underlying the extravisual functions) are
performed by the vitamin A metabolite retinoic acid
(RA), which binds to receptors of the nuclear receptor
superfamily and regulates gene expression.
The importance of vitamin A and RA during the
embryonic development of the brain has been extensively studied and their functions, key during this
period of life, are well specified. However, it is now
recognized that the role of RA in the brain persists
into adulthood. Indeed, many studies over the past
decade have contributed to the demonstration that
RA is involved in the maintenance of neurobiological processes, particularly neuroplasticity, that underlie
memory performances throughout life and that the
hypoactivity of retinoid signaling participates in agerelated cognitive decline. The mechanisms by which
retinoids exert their effects on memory are not all well
understood. However, it seems clear that in addition to
a direct role in neuronal plasticity via its nuclear receptors, RA is also capable of antagonizing the effects of
glucocorticoids and thereby exerting a beneficial effect
on the maintenance of memory processes.

2. Vitamin A metabolism (Fig. 1)
2.1. Transport
The capacity to synthesize de novo compounds with
vitamin A (retinol) activity is limited to plants and
microorganisms. Higher animals must therefore obtain
vitamin A from their diet, either in the form of a preformed vitamin, all-trans retinol (the major dietary
forms are long-chain fatty acid esters of retinol: retinyl
esters or REs) or as provitamin A - carotenoids, such
as ␤-carotene, ␣-carotene or ␤-cryptoxanthin, found in
plant-derived foods. Although abundant in food, their
conversion is not very efficient: 12 g of ␤-carotene
are converted to only 1 g of vitamin A [2].
Presently, it is recommended that 60% of vitamin
A intake be in the form of carotenoids (plant sources)
and 40% in the form of retinols (animal sources). REs

must be hydrolyzed prior to intestinal absorption. The
efficiency of absorption is higher for retinol (80–90%)
than for carotenoids (50–60%). Some carotenoids are
converted to retinol in the intestinal mucosa via two
enzymatic steps. Free retinol is reesterified with longchain fatty acids in mucosal cells by the enzyme
lecithin retinol acyltransferase (LRAT). The resulting
REs are incorporated into chylomicrons, absorbed via
the lymphatics and delivered to hepatocytes that take
up about 70% of dietary retinol [3]. Under normal
nutritional conditions, most of the vitamin A is stored
in the liver (essentially as REs), partly in the hepatocytes and in higher amounts as lipid droplets in the
stellate cells (also called Ito cells), from which vitamin
A is mobilized when needed [4]. REs are hydrolyzed
prior to mobilization from the liver, and free retinol is
bound to retinol-binding protein 4 (RBP4). Approximately 95% of the RBPs circulate in the plasma as
macromolecular complexes with the thyroxine carrier,
transthyretin (TTR).
2.2. Cellular action of retinoids
In tissues, retinol is taken up by target cells through
an RBP-binding transporter, STRA6 [5]. Retinol enters
the cytoplasm, where it binds to cellular retinol binding protein 1 (CRBP1) and, in a two-step process,
is metabolized to all-trans retinoic acid, the active
metabolite of vitamin A [6]. Importantly, RA levels
in cells and tissues are also controlled by its degradation by hydroxylation, mainly by CYP26A1, an
RA-induced p450 enzyme [7].
The physiological action of all-trans RA is mainly
mediated by its binding to specific nuclear receptors
that function as transcription factors: the retinoic acid
receptors (RARs), whose ligands are the all-trans RA
and 9-cis RA isomers, and the retinoid X receptors
(RXRs), whose ligand is the 9-cis RA isomer [8].
The RA response element (RARE) binds dimers of
the receptors. Most often, an RAR heterodimerizes with
an RXR, which possesses the capacity to act independently of the presence of its ligand. There are three genes
each for the RARs and RXRs (␣, ␤ and ␥) that encode
their ␣, ␤ and ␥ isotypes respectively. In addition, for
each RAR isotype, there are several isoforms generated by differential promoter use and splicing, greatly
increasing the number of variants. Recent advances
reveal the complexity of nuclear RA receptor involvement in cellular function through the regulation of gene
expression and kinase activity [9]. In addition, some
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Fig. 1. The retinoid cascade. Vitamin A is present in the diet as retinyl esters (animal food) and as provitamin A carotenoids (vegetables and
fruits). Intestinal enzymes are required for several processes leading to re-esterification of retinol in enterocytes prior to incorporation into
chylomicrons for lymphatic transport. Vitamin A is stored in the liver as retinyl esters which are hydrolysed and released as retinol, in response
to the body’s needs, to maintain a constant concentration of retinol in the plasma, bound to retinol-binding protein (RBP) and to transthyretin
(TTR). In target tissues as brain, retinol is locally converted to RA through sequential oxidative steps involving retinol (ADH) and retinaldehyde
(RALDH) dehydrogenases. RA may then enter the nucleus to bind to RA receptors in order to modulate gene transcription on the hormone
responsive element (HRE).
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authors have demonstrated non-genomic modes of RA
action. These rapid actions include the regulation of
gap junctions [10], spinule formation in the retina [11]
and effects on dendritic spines in the hippocampus [12].
Another pathway of action is through the repression
of AP-1 (Jun, Fos) activity, which involves RAR/RXR
dimers but not RARE [13]. In this way, vitamin A and,
more precisely, RA, via its specific nuclear receptors,
play a critical role in a variety of essential biological processes including reproduction, embryonic development
and the modulation of the growth and differentiation of
a wide variety of mammalian cell types.

3. Vitamin A contributes to the maintenance of
neurobiological processes that underlie
memory performances throughout life
A large number of epidemiological studies suggest
that diet is important for mental health, and inverse correlations between dietary quality and common mental
disorders have been reported in adults [14, 15]. Vitamin
A and RA, are essential for the developing central nervous system (CNS), where they control neurogenesis
and neuronal patterning [16], but also play a key role
in the maintenance of diverse functions in the adult
brain by regulating neuroplasticity in cerebral structures such as the hippocampus [17–19]. Thus, it is of
the first importance to study the effects of the status of
vitamin A or RA in the adult brain, in particular during
aging.
3.1. The role of the RA nuclear receptors, RAR
and RXR
There is evidence to suggest that changes in retinoid
levels are capable of producing alterations in neuronal
target proteins and consequently may affect physiological maintenance processes in the mature brain [20].
More precisely, it has been shown that RAR␤ and
RAR␤-RXR␥ knockout mice display an alteration of
long-term potentiation (LTP) as well as substantial performance deficits in a hippocampus-dependent spatial
learning task [21]. RAR␤ mutations, with mutation in
either RXR␤ or RXR␥, also result in impaired locomotion typical of abnormal striatal function, possibly
related to a decrease in D1 and D2 dopamine receptors in striatal neurons [22]. The ablation of RXR␥
in mice leads to depression-like behaviors including

increased despair and anhedonia, associated with the
reduced expression of the D2 dopamine receptor in the
shell of the nucleus accumbens and altered serotonin
signaling [23].
Overactivation of the retinoid pathway also leads
to the dysregulation of physiological processes in the
brain. Thus, the perturbation of RA biosynthesis due
to chronic ethanol consumption induces RAR␤ and
RXR␤/␥ overexpression in vivo, leading to cognitive deficits. Blocking RAR␤ activity in this situation
has been shown to reverse the alcohol-induced memory deficits. Thus, the overexpression of RA nuclear
receptors in the brain also appears to be involved
in the memory impairments observed during chronic
ethanol consumption [24]. RA of astroglial origin
may also be an important signal for neurogenesis in
the dentate gyrus of the hippocampus [25]. A recent
study has shown that mice that express a dominantnegative form of RAR␣ in the mature forebrain display
impaired LTP and AMPA-mediated synaptic transmission in the hippocampus, as well as impaired
hippocampus-dependent social recognition and spatial
memory abilities [26].
Together, these results suggest that nutritional or
physiological situations involving modifications in the
level of expression of brain retinoid receptors may lead
to considerable neurobiological alterations and mnesic
deterioration.

3.2. Vitamin A deﬁciency: A nutritional model
that simulates age-related memory deﬁcits
The potential role of retinoids in memory has been
well argued in works studying the consequences to
brain function of the decreased bioavailability of RA
consecutive to a vitamin A deficiency (VAD), the historical nutritional model for the study of the effects
of vitamin A. The targeted induction (through VAD)
of hypoactivity of the retinoid signaling pathway to
the same extent as that described in aged animals
leads to cognitive deficits in young adult animals comparable to those linked with age [27, 28]. In other
words, there is a relationship between the level of brain
activity of the retinoid pathway, the expression of target genes such as neurogranin/RC3 and neuromodulin
(GAP43) [29], and memory performance. Moreover,
this model has helped reveal the strong link between
RA hyposignaling and abnormal hippocampal plasticity: a decrease in hippocampal volume coincident with

V. Pallet and K. Touyarot / Vitamin A and memory

sick and dying neurons [30], the loss of hippocampal
LTP and long-term depression (LTD) [31], and a blockade of hippocampal neurogenesis that can be restored
by RA via the induction of RA-target genes, including
the neurotrophin receptor tropomyosin receptor kinase
A [28]. It has recently been shown that the upregulation
of indicators of hippocampal cytoskeletal remodeling
and protein damage may at least partly explain the neuronal loss and reduced hippocampal size that occur
with VAD [32].
3.3. Vitamin A prevents, limits or delays
age-related cognitive decline
All neurobiological alterations induced by insufficient vitamin A bioavailability in VAD animals have
been shown to be reversible by RA administration (i.e.
drug strategy) or vitamin A supplementation (i.e. nutritional intervention).
Age-related alterations in vitamin A metabolism
have been reported in both rats and humans, leading to
an increased concentration of vitamin A stores in the
liver [33, 34]. However, the vitamin A status of healthy
aged people, as measured by circulating retinol, does
not appear to be abnormal. Indeed, in the elderly, circulating retinol remains precisely regulated to a level
close to 2 mol/L, although it varies slightly depending on recent food intake [35]. No changes have been
observed with age with respect to vitamin A absorption, the esterification of retinol or the secretion of REs
into chylomicrons. The only apparent dysfunction that
takes place with aging is a decrease in retinol mobilization from the liver to the circulation [36]. Interestingly,
this report suggests that the relative dose-response test
could be a better measure than the levels of serum
retinol to evaluate the modifications of vitamin A status
in elderly population. However, a possible alteration in
the plasma transport of RE in chylomicrons associated
with an unchanged or slightly decreased concentration
of retinol or RBP has been reported during the postprandial period in middle-aged adults [37]. Together,
these data suggest that, during aging, vitamin A is
sequestered by the liver but that there are compensatory
physiological mechanisms to facilitate its direct use by
tissues, particularly the brain, during the postprandial
period.
More recently, several signs of the hypoactivation
of retinoid signaling pathways have been highlighted
during aging. Indeed, several studies have shown that
a moderate downregulation of retinoid-mediated tran-
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scriptional events occurs naturally with senescence.
A decrease in the abundance of RAR␤ and RXR␤/␥
mRNA has effectively been observed in the whole
brain and hippocampus of aged mice and rats. In general, the authors have attributed the decrease in nuclear
receptor expression to an age-related reduction in the
bioavailability of RA [38, 39]. More recently, retinoid
hyposignaling, as evidenced by the reduced expression
of retinoid receptors, has also been reported in peripheral blood mononuclear cells of aged humans [38].
However, in animal models, the age-related hypoactivity of the retinoid signaling pathway is reversible
by chronic treatment with RA, which also very selectively suppresses deficits in relational memory [40]
and synaptic plasticity [41]. To date, the potential
reversibility of vitamin A hypoactivity in humans
remains a major issue.
Interestingly, dietary vitamin A supplementation
throughout life is effective in normalizing the memoryencoding-induced recruitment of declarative memory
circuits without affecting the activity of the procedural
memory system in aged mice, and in alleviating their
long-term declarative and working memory impairments [42]. Moreover, recent data confirm these observations, showing that vitamin A supplementation from
midlife is sufficient to reverse the age-related deterioration of hippocampal neurogenesis (by enhancing the
dendritic arborization of immature neurons, leading to
improved neuronal survival and differentiation), and to
prevent the related decline in spatial reference memory
in the Morris Water Maze test (MWM). Moreover, it
appears that the hippocampal expression of CRABP-I,
which controls the intracellular availability of RA, may
be an important regulator of the neuronal differentiation
process in the aged hippocampus.
Taken together, these data suggest that Vitamin A
supplementation would represent a preventive strategy to limit or delay the age-related disruption of
hippocampal cellular properties induced by retinoid
hyposignaling.

4. Vitamin A interacts with the glucocorticoid
pathway to modulate cognitive processes
A more indirect action of RA on memory processes
involves the glucocorticoid (GC) pathway, known to
modulate cognitive functions [43]. The hippocampus
is a prime target for GCs, which bind to abundant
corticosteroid receptors (mineralocorticoid receptors
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(MR) and glucocorticoid receptors (GR)), known to
be involved in the control of hippocampal plasticity and functions [44]. As observed for retinoids,
the most widespread view is that GC levels induce
inverted-U-shaped dose effects on plasticity and cognitive functions [45–47]. The deleterious effects of a
chronic excess of GCs on neuronal function become
more marked with aging. Indeed, age-related cognitive deficits in humans [48, 49] and rodents [50, 51]
have been construed as being conditioned by excess
GC secretion into the plasma. Interestingly, in a subset of aged individuals who hypersecrete GCs, these
cognitive dysfunctions are associated with reduced
hippocampal volume [48]. Thus, the maintenance of
optimal glucocorticoid levels throughout life could
prevent the ravages of aging upon hippocampal structure and cognitive function.
In the following sections, we review some of the
evidence that vitamin A status acts on GC availability at the peripheral and hippocampal levels, and that
the stimulation of the retinoid pathway could be a successful strategy to counteract the deleterious effects
of excess GCs on hippocampal function and cognitive
alterations during aging.

can modulate HPA axis activity remain poorly understood. Some recent data suggest that the hypothalamus
and the pituitary gland are important retinoid target
neuroendocrine areas involved in the control of plasma
GC levels.
The hypothalamus is recognized as a key site of
RA signaling in the brain [17, 55, 56]. Indeed, RA
can be released into the hypothalamus and regulate a
number of genes such as corticotropin-releasing hormone (CRH) via its receptors. An interesting recent
study has proposed that an excess of RA could induce
hypothalamic CRH overexpression through the transcriptional activation of the CRH promoter by RAR␣
[57]. Retinoids can also modulate the HPA axis at
the level of the pituitary gland. Cushing’s syndrome
patients with a hypersecretion of cortisol due to adrenocorticotropic hormone (ACTH) overproduction by the
pituitary exhibit reduced hippocampal volume and
impaired performance on hippocampal learning tasks
[58]. Interestingly, RA specifically inhibits ACTH
production in human pituitary adenoma cells [59].
Thus, RA hyposignaling at the hypothalamic and
pituitary levels could activate CRH and ACTH production and thereby stimulate plasma GC levels during
VAD.

4.1. Vitamin A status modulates glucocorticoid
availability: Consequences to cognitive
processes

4.1.2. Vitamin A status modulates glucocorticoid
transport
Although elevated plasma levels of GCs have been
widely reported to contribute to age-related memory
decline [43, 48, 60]), the dynamics of transfer of GCs
from the blood to the brain are also important. It has
recently been shown that corticosteroid-binding globulin (CBG), the plasma GC-binding protein, plays a
critical role in the delivery of GCs to the brain, with
an impact on memory retrieval [61, 62]. Indeed, CBG,
which is synthesized in the liver and secreted into the
blood, acts as a buffer for most systemic GCs by limiting the amount of circulating free hormones that can act
on their receptors [63, 64]. We have recently reported
that VAD leads to decreased CBG-binding capacity in
Wistar rats. This has significant repercussions on the
free plasma corticosterone fraction, which is higher
in VAD rats compared to controls but normalized by
vitamin A supplementation [65].

4.1.1. Vitamin A status modulates plasma
glucocorticoid levels
The effects of VAD on plasma GC status have
recently been reported by our team in LOU/C rats
[52], which are derived from the Wistar strain and
described as a model of healthy aging due to their
low level of age-related memory deficits [53]. Indeed,
we have observed an increase in the activity of the
hypothalamic-pituitary-adrenal (HPA) axis in LOU/C
rats with VAD, leading to elevated total plasma corticosterone levels under basal and stress conditions,
which can be reestablished by RA treatment [52].
However, contradictory results indicate that chronic
treatment with high doses of RA can also induce a
dysregulation of the HPA axis along with increased
basal plasma corticosterone levels in young rats [54].
Regardless of the specific conditions, both sets of data
suggest a relationship between abnormal RA levels
(deficiency or excess) and a dysregulation of the HPA
axis. However, the mechanisms by which RA signaling

4.1.3. Vitamin A status modulates hippocampal
glucocorticoid levels
The magnitude of GC effects on cognitive functions depends not only on their plasma levels but
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also on the local pre-receptor metabolism of GCs
by 11␤-hydroxysteroid dehydrogenases (11␤-HSDs)
[66]. Indeed, 11␤-HSD1 regenerates active GCs from
their inactive forms in specific areas of the adult brain,
such as the hippocampus [67], thereby effectively
amplifying intracellular GC signaling [68]. Interestingly, the inhibitory effects of RA or vitamin A
supplementation on the expression and activity of
11␤-HSD1 have been demonstrated in differentiated
C2C12 myotubes [69] and in obese rat livers [70].
Moreover, vitamin A-deficient LOU/C rats display
an increase in HPA axis activity associated with an
upregulation of the hippocampal expression of 11␤HSD1, which can be normalized by RA treatment
[71]. This is of interest since 11␤-HSD1 deficiency
protects against normal hippocampus-associated cognitive decline both in aged mice [72–74] and in humans
[75]. These effects of vitamin A status on hippocampal
11␤-HSD1 could be mediated directly through nuclear
retinoid receptors, which have been shown to negatively regulate 11␤-HSD1 expression in in vitro models
[69].
Recently, we demonstrated for the first time that
the excess of hippocampal corticosterone in VAD
rats is associated with a hyperactivity of hippocampal 11␤-HSD1, and contributes to VAD-related spatial
memory deficits and alterations of hippocampal plasticity [65]. Moreover, a negative correlation between
hippocampal corticosterone levels and spatial memory
has been found in VAD rats: the higher the hippocampal corticosterone levels, the poorer the spatial memory
performance, suggesting that excess local GC levels
result in memory deficits in these animals. One month
of vitamin A supplementation corrects the excess hippocampal corticosterone levels and their consequences
to spatial memory processes, in addition to reversing
the VAD-induced alterations to normal hippocampal
neurogenesis [65]. Since excess GCs are known to
strongly inhibit adult hippocampal neurogenesis [76],
these data suggest that the beneficial effects of vitamin
A supplementation on neurogenesis in VAD rats could
be mediated through a modulation of the hippocampal GC pathway. This hypothesis is also supported
by the fact that 11␤-HSD1 is expressed in the dentate gyrus, and increased hippocampal neurogenesis
has been found in young 11␤-HSD1 knockout mice
[77]. Finally, RA minimizes the potentially deleterious
effect of GCs on the decreased secretion of brainderived neurotrophic factor (BDNF) in hippocampal
HT22 cells [78], a neurotrophin known to stimulate
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adult neurogenesis processes and to be involved in the
reduction of neurogenesis during chronic exposure to
GCs [79].

4.2. RA treatment: A strategy to modulate
hippocampal GC availability during aging
As already mentioned above, stimulation of the
retinoid pathway (by RA or vitamin A) in middle-aged
rodents allows memory performance to be normalized.
Given the data concerning the relationship between
the retinoid pathway and GCs, the question of the
involvement of the HPA axis in the mediation of these
retinoid effects and their repercussions on memory
is crucial. Indeed, it has been recently shown that
the rise in intrahippocampal corticosterone levels in
middle-aged mice is associated with memory impairments in a hippocampus-dependent memory task [80]
known to be affected in midlife [81–86]. RA treatment
in middle-aged mice reduces and delays the increase
in intrahippocampal corticosterone after exposure to
a novel environment, and restores memory performance in this task [87]. Interestingly, this effect is
comparable to that of diazepam, which inhibits the
stress-induced increase of hippocampal corticosterone
levels and in parallel, restores memory performance
in a hippocampus-dependent memory task [88]. In
contrast to VAD rats, however, this effect of RA
on hippocampal corticosterone levels in middle-aged
mice is not due to its direct modulation of hippocampal 11␤-HSD1, suggesting that other mechanisms
are at work. One possibility is that RA treatment in
middle-aged mice normalizes the elevated free plasma
corticosterone levels, known to impact free hippocampal corticosterone levels with consequences to memory
performance [43]. In summary, during aging, impaired
RA signaling would induce an overactivation of the
HPA axis, leading to excess plasma levels of GCs that
can lastingly affect hippocampal plasticity and functions, and contribute to age-related cognitive decline.
Altogether, these recent data demonstrate for the first
time a modulation of hippocampal GC availability by
vitamin A status, one of the biological mechanisms by
which retinoids could exert their effects on hippocampal plasticity and functions. This modulation may also
explain the contribution of retinoids to the maintenance
of memory processes throughout life and the impact of
the age-related decrease in RA bioavailability on the
etiology of cognitive decline.
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5. Conclusion
In order to determine whether nutritional intervention is a feasible strategy for the prevention or
alleviation of age-related cognitive decline, it is of the
first importance to better understand the involvement
of the hypoactivity of the vitamin A signaling pathway in the genesis of cognitive impairment. Although
the elderly possess a larger stock of vitamin A in
the liver, all the experimental data from aged animals
indicate that aging is accompanied by impaired vitamin A metabolism, leading to reduced RA synthesis
and to retinoid hyposignaling in target tissues. In the
brain, this metabolic perturbation induces alterations
in neuronal plasticity and contributes to memory process impairments. Moreover, it has recently emerged
that vitamin A status modulates the production of GC,
both at the plasma and the hippocampal levels, and
this antagonistic effect of Vitamin A on GC signaling seems to contribute positively to the maintenance
of cognitive performance. Interestingly, experimental
studies have demonstrated that RA could be pharmacologically effective in correcting age-related cognitive
deficits, and some data obtained in animals also suggest that nutritional vitamin A supplementation might
be a good approach to reduce or at least delay the onset
of “normal” age-related cognitive decline. However,
future investigations and additional prevention efforts
are still needed to better determine the dietary forms
and/or the doses of vitamin A that could be recommended in human population.
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