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Abstract: The mode of action of retinoids in relation to their activity in the adult central nervous system and the potential 

of synthetic retinoid analogues is reviewed. Investigation into the activity of such molecules will further our understand-

ing of the retinoid pathway during nervous system development and in various neurological disease states.  
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INTRODUCTION 

 In 1960, the International Union of Pure and Applied 
Chemistry – International Union of Biochemistry (IUPAC-
IUB) recommended the nomenclature of the three parent 
vitamin A compounds to be retinol, retinal and retinoic acid. 
By 1982, IUPAC-IUB had defined the term vitamin A as 
‘The generic descriptor for retinoids exhibiting qualitatively 
the biological activity of retinol,’ and a retinoid as ‘a class of 
compounds consisting of four isoprenoid units joined in a 
head-to-tail manner, formally derived from a monocyclic 
parent compound containing five carbon-carbon double 
bonds and a functional group at the terminus of the acyclic 
portion’. This nomenclature is still in part used today and 
incorporates both natural and synthetic analogues of retinol. 
The correct structure for retinoic acid (all-trans) (ATRA) 
was proposed in 1931 [1]. 

 Natural retinoids are essential for all chordates, being 
involved in a wide variety of processes during embryogene-
sis and adulthood. In humans, vitamin A deficiency (VAD) 
is characterised by xerophthalmia (dry eyes), night blindness 
and impaired immune responses which, in clinical cases, can 
prove fatal. VAD is largely associated with developing coun-
tries where vitamin A fortified or rich foods are in poor sup-
ply. According to a report by the World Health Organisation 
(WHO) in 1995 [2], VAD is a public health problem in over 
120 countries. Over 1 million childhood deaths are associ-
ated with VAD annually and 3 million people are said to be 
clinically vitamin A deficient. However, excessive dietary or 
therapeutic intake of vitamin A (Hypervitaminosis A) can 
also give rise to a range of problems associated with skin, 
nervous system, circulation, bone formation and immune 
system and malformations of the foetus  [3]. Both of these 
conditions indicate the importance of the close regulation of 
retinoic acid up-take and metabolism. 
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 As retinoids are able to penetrate the central nervous sys-
tem (CNS), an excess or deficiency can prove detrimental to 
normal mental development, being linked to various disor-
ders such as retardation and depression. This review briefly 
summarises work on retinoid function and biochemical 
pathways, and focuses on the roles of retinoic acid and its 
isomers in normal and abnormal adult neural regulation and 
differentiation. It also covers the potential therapeutic appli-
cations of synthetic retinoid compounds for numerous neuro-
logical disorders. 

RETINOID FUNCTION 

 One of the earliest discoveries of a specific retinoid func-
tion was in 1968 [4], when it was discovered that 11-cis-
retinal was the chromophore component of the photorecep-
tors in the visual cycle. Since then, however, retinoids have 
been found to play essential roles in numerous biological 
processes, including vision [4], reproduction [5], immune 
competence [6], cellular regulation and differentiation in 
post-natal and adult organisms [7, 8] and embryonic growth 
and development [9]. 

 The importance of vitamin A during embryonic devel-
opment was exemplified in studies of VAD and hypervita-
minosis A during pregnancy. Both conditions resulted in 
embryonic/foetal malformations ranging from disorders of 
the skin, nervous system, and immune system (for a detailed 
review see Blomhoff and Blomhoff 2006 [10]). This need for 
a very defined and regulated concentration of retinoids dur-
ing embryogenesis fitted with the discovery that ATRA was 
a potent morphogen during embryogenesis [11], involved in 
limb formation, body axis orientation and dorsal/ventral pat-
terning of the CNS in vertebrates.  

VITAMIN A INTAKE AND STORAGE 

 Vitamin A cannot be synthesised by any animal species, 
and is obtained through diet, either in the form of pro-
vitamin A carotenoids (such as -carotenoid) from plants or 
pre-formed vitamin A, usually in the form of retinyl esters, 
from eating animal products (stores of ingested vitamin A). 
Once digested, all of these compounds are re-esterified, via
enzymatic action, in the intestinal lumen and mucosa, and 
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then packaged into chylomicrons and transported to the liver. 
The liver is the major site for storage and processing of these 
compounds within the body [12]. Much of the retinol is 
stored as retinyl palmitate, which is formed after reversible 
enzymatic activity. When required, retinol is secreted from 
the liver and transported around the vascular system bound 
to retinol binding protein (RBP) [13]. 

 Circulating retinol is aided across the cytoplasmic mem-
brane by the retinol binding protein receptor [14]. Once reti-
nol has entered the cell cytosol it can either be stored locally 
for future use (as retinyl esters) or be converted into forms 
that activate certain cellular biochemical pathways leading to 
a modulation of gene transcription Fig. (1a).  

 The predominant active retinoid in the body is ATRA. 
ATRA is created from retinol via a two step reaction. Retinol 
is oxidised to retinal, catalysed by retinol dehydrogenases 
(ROLDH), then retinal is oxidised to ATRA catalysed by 
retinal dehydrogenases (RALDH) [12], see Fig. (1b). The 
storage or breakdown of retinol occurs within the cytosol due 
to the presence of proteins which bind it with high affinity, 
called cellular retinol binding protein I (CRBP-I) and cellular 
retinol binding protein II (CRBP-II). CRBP-I is ubiquitously 
expressed throughout the organism, and appears to facilitate 
cellular uptake and metabolism of retinol into either its stor-
age or active forms. CRBP-II is exclusively found in the villi 

of enterocytes where it is involved in the conversion of reti-
nol into retinyl esters for chylomicron export to the liver 
[15]. Within some cells there are also cellular retinoic acid 
binding proteins I and II (CRABP-I and CRABP-II). 
CRABP-I is involved in the storage of free ATRA, thereby 
inhibiting the biological activity of the metabolite [16]. Gen-
erally, it has been found that cells containing CRABP-I do 
not respond to ATRA. The role of CRABP-II is less well 
understood, though it has been hypothesised that it aids the 
transport of ATRA to its receptors thereby sensitising cells to 
ATRA [17]. The tissue specific expression of these impor-
tant retinoid regulators indicates their complex nature of ac-
tion and involvement in many biological processes. 

RETINOIC ACID RECEPTORS 

 Retinoids elicit biological activity via retinoic acid recep-
tors (RAR) which are located in the nuclear envelope. The 
molecular action of retinoic acid and RARs was first hy-
pothesised during studies of steroid and thyroid hormone 
action [18]. It was thought that retinol entered the cell, was 
converted to ATRA via enzymatic action and was trans-
ported to the nucleus by CRABP-II, where it bound with 
high affinity to retinoic acid receptors via a ligand binding 
domain. This interaction would lead to a conformation 
change to the receptor-ligand complex, enabling the binding 
of a specific retinoic acid response element (RARE) of a 

Fig. (1A). Overview of retinoid action. 1: Ingested retinoids are converted to all-trans-retinol in the intestinal lumen and mucosa by enzy-

matic action. All-trans-retinol is then packaged into chylomicrons and transported to the liver, which is the major site for storage and proc-

essing of this compound. Much of the retinol is stored as retinyl palmitate, which is formed after reversible enzymatic activity. 2: All-trans-

retinol is transported around the vascular system bound to retinol-binding protein (RBP), and accesses target cells via the retinol binding 

protein receptor (RBP-R). 3: The retinoid binds to the nuclear retinoic acid receptors (RAR & RXR) which act as signal transducers. 4: Acti-

vated ligand/receptor complexes modulate gene expression by binding to specific retinoic acid response elements (RARE) located in the 

regulatory regions of target genes. 

Fig. (1B). Retinol is converted to the active form ‘all-trans retinoic acid’ via a two step reaction. Retinol is first reversibly converted to reti-

nal, catalysed by retinol dehydrogenase. Secondly, retinal is irreversibly converted to all-trans retinoic acid, catalysed by retinal dehydro-

genase. 
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target gene via the DNA-binding domain Fig. (2). The first 
nuclear retinoid receptor was independently discovered by 
two groups in 1987, now known to be RAR- 1 [19, 20]. 
RARs can be divided into three sub-groups, RAR- , RAR-
and RAR- , which in turn can be sub-divided into multiple 
receptor isoforms (i.e. RAR- 1, RAR- 2 and RAR- 3). This 
heterogeneity is due to the fact that a separate gene that has 
multiple promoters encodes each subtype, and the products 
are also able to undergo differential splicing. The complexity 
of retinoid action is further complicated with the discovery 
of other nuclear receptors that also exhibit affinity for reti-
noids. These were termed retinoid X receptors (RXRs) [21]. 
RXRs could also be divided into three isoforms RXR- ,
RXR- , and RXR- . RARs always bind to DNA as het-
erodimers, pairing up with an RXR. The RXRs are able to 
act as homodimers or heterodimers, pairing up with them-
selves, RARs or other receptor compounds [22]. The RARs 
have the highest affinity for ATRA whereas the RXRs have 
higher affinity for other retinoids such as 9-cis-retinoic acid 
(9-cisRA) [23]. The tissue expression of these numerous 
RAR and RXR subtypes and isoforms varies greatly through-
out the organism, again an indication of the complex and 
varied role the retinoids play in adult and embryonic cell 
systems. 

RETINOIDS AND CNS DEVELOPMENT IN THE 

EMBRYO 

 Experiments on retinoid function within the embryonic 
CNS are extensive and outside the scope of this review, and 
shall therefore only be summarised briefly (for a recent re-
view see Clagett-Dame and DeLuca, 2002 [24]). Multiple 
experiments have been carried out verifying the presence of 
retinoids in the developing CNS of embryos. High-perfor-
mance liquid chromatography (HPLC) was carried out on 
mouse embryo extracts at day 10.5 and day 13 and proved 
the presence of ATRA in the CNS. Endogenous ATRA was 
mainly found in the spinal cord, with much lower and de-
creasing amounts found in the hindbrain, midbrain and fore-
brain, respectively [25]. However, ATRA cannot be synthe-
sised by the neural tube itself at these time points, as it con-
tains no RALDH to catalyse its formation from retinal. 
RALDH activity is, however, found in the neighbouring par-
axial mesoderm, and may enter the neural tube via passive 
diffusion. It is thought that ATRA may act in a paracrine 
fashion, patterning the dorsal/ventral CNS axis via pathways 
activated at specific positions along the ATRA concentration 
gradient [26]. Throughout spinal cord development, ATRA 
expression becomes less uniform and localises where the 

Fig. (2). General overview of retinoid action. Retinol enters the cell via the retinol binding protein receptor and once in the cell is bound to 

cellular retinol binding proteins (CRBP I & II). These proteins aid either the breakdown of retinol for storage into retinyl esters, or the con-

version to all-trans retinoic acid (ATRA). ATRA can be metabolised to more polar molecules catalysed by the CYP450 enzymes and cellular 

retinoic acid binding protein I (CRABP-I). Cellular retinoic acid binding protein II (CRABP-II) is thought to be involved in the delivery of 

ATRA to the nuclear envelope where it binds to the retinoic acid receptors (RARs). ATRA has high affinity for the RARs whereas other 

natural retinoids such as 9-cis retinoic acid (9-cisRA) has high affinity for the retinoid X receptors (RXRs). Once bound to the receptors the 

ligand/ receptor complex undergoes a conformational change rendering it active, and allows the binding of retinoic acid response elements 

(RAREs) of target genes. 
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limb buds form and where motor neurons are concentrated 
that service the limbs [27].  

RETINOIDS AND THE ADULT CNS 

 Much of the early research into retinoid modes of action 
focussed on the role of retinoids during embryonic neural 
development. This was due to the fact that ATRA is known 
to induce and regulate differentiation in many cell types, not 
a role which was thought to be required in the adult neural 
system. However, since the discovery that discrete areas of 
proliferative cells are present in the adult brain, the study of 
retinoids has revealed an important regulatory role of these 
compounds within the adult CNS. The ability of retinol to 
cross the blood/brain barrier was demonstrated in studies 
which localised CRBP and RBP binding sites in the blood 
capillary endothelium and in the epithelial cells of the chor-
oid plexus respectively [28]. The presence of several mem-
bers of the RALDH enzyme family within the adult brain 
itself also indicated its ability to synthesise the active reti-
noid ATRA [29, 30]. It was demonstrated that specific areas 
of the brain synthesised ATRA, namely the basal ganglia, 
olfactory bulbs, hippocampus and auditory afferents, all ar-
eas that are known to undergo active remodelling of neural 
connections throughout adulthood. In-situ hybridisation stud-
ies showed a close correlation between this apparent ability 
to synthesise ATRA and the presence of CRBP-I, the com-
pound that facilitates the conversion of retinol into active 
ATRA [31]. Further studies used radio-labelled retinol ad-
ministered to VAD rats. Ten hours post injection, brain areas 
were harvested and radioactivity detected. The highest 
amount of activity was found in the hippocampus-cortex 
with the lowest being detected in the cerebellum. The radio-
label tag was found to be connected to ATRA not retinol, 
again indicating the ability of cells in the adult CNS to con-
vert retinol to ATRA [32]. The high levels of ATRA and 
associated proteins in the hippocampus, specifically the den-
tate gyrus, strongly implied the involvement of these mole-
cules in region-specific neurogenesis. It was revealed that 
ATRA contributed significantly to neuronal differentiation 
within the dentate gyrus, being involved at a very early stage 
throughout this process [33]. Areas which are non-respon-
sive, therefore sensitive to ATRA in the brain, have been 
shown to express specific enzymes, such as the cytochrome 
P450 enzymes P450RA-1 and P450RA-2, which inactivate 
ATRA by metabolizing the compound to more polar metabo-
lites, including 4-oxo-, 4-hydroxy-, (4-OH-) and 18-hydroxy- 
(18-OH-) ATRA. These enzymes have been localised to the 
pons and the cerebellum, areas known to be unresponsive to 
ATRA stimulation [34, 35]. These experiments all indicate 
that ATRA is an important regulatory molecule within the 
adult CNS and interference of these pathways can result in 
neurological disorders. More evidence indicating the regula-
tory role of retinoids in the adult CNS is discussed below. 

RETINOIDS AND THE HIPPOCAMPUS (INVOLVE-
MENT IN LEARNING AND MEMORY) 

 As mentioned above, the hippocampus is an area of the 
adult brain with known neuronal plasticity. This remodelling 
of neural connections is the underlying process involved in 
episodic, declarative and spatial learning and memory estab-
lishment. Retinoic acid has been found to play a regulatory 

role in this long term potentiation (LTP) and long term de-
pression (LTD) processes involved in this neuronal plasticity 
within the hippocampus [36]. Investigations into VAD re-
vealed a significant deficit in spatial learning and memory in 
rats deprived of vitamin A. As little as 12 weeks of dietary 
deficiency was enough to induce these deficits, which upon 
re-introduction of vitamin A into the diet were reversed [37]. 
Other studies have shown a more permanent reduction in the 
expression of RAR-  and RAR /  receptor subunits after 31 
weeks deficiency [38]. These studies all support the theory 
that retinoids are involved in the signalling pathways leading 
to higher cognitive functions. 

RETINOIDS IN NEUROLOGICAL DISORDERS 

(SCHIZOPHRENIA, ALZHEIMER’S AND MOTOR 

NEURON DISEASE) 

 The retinoic pathway is becoming a key focus in many 
studies looking at neurological disorders. As with the em-
bryonic regulation of the retinoid signalling pathway, any 
deviation from optimal levels appears to induce neurological 
dysfunctions. Recent papers have linked the addition of reti-
noic acid to the alleviation of oxidative stress-induced neu-
ronal death in specific areas of the adult brain, namely those 
involved in cognition and conditions such as depression, 
Alzheimer’s and Parkinson’s disease [39-42]. These data, 
and those discussed below, indicate the importance of this 
particular pathway in optimal brain management, and hint at 
future therapeutic remedies in the control or treatment of this 
group of disorders.  

Schizophrenia 

 One such area where retinoic acid dysregulation appears 
to be involved in the diseased state is schizophrenia. The 
learning and memory pathways of the hippocampus are se-
lectively impaired in schizophrenia, so it would stand to rea-
son that retinoic acid pathway abnormalities could be in-
volved in this disease. Many reports eluded to retinoid dys-
function as one of a number of causative factors for schizo-
phrenia (for a review see Goodman, 1998 [43]). More recent 
experiments show concrete evidence of this effect. A de-
crease in RXR signalling is seen in some schizophrenia pa-
tients [44] and the administration of natural RXR agonists 
such as Docosahexaenoic acid (DHA) can overcome some 
symptoms [45]. Comparisons of normal and schizophrenia 
brain section expression of RARs indicated a two-fold in-
crease of RAR-  in the dentate gyrus of the schizophrenia 
sections [46]. Proteomic evaluation of body fluids from 
schizophrenia patients versus mentally healthy controls indi-
cated a significant down-regulation of transthyretin (TTR) 
and apolipoprotein E (ApoE) in the cerebrospinal fluid. Both 
proteins are associated with the transport of retinol around 
the body and brain, therefore an important step leading to 
correct retinoid functioning [47]. Potentially, data presented 
in these studies could signify that an insufficient amount of 
retinoids are being transported around the brain leading to 
the abnormal expression levels of retinoid signalling compo-
nents. It was also noted that, after 2 months treatment with 
antipsychotic drugs, the plasma expression of TTR tetramer 
was significantly increased in those patients that were re-
sponding to the treatment, indicating that these aberrant ex-
pression levels could be rescued [47]. It can be concluded 
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that the synthesis of specific retinoid compounds/retinoid 
transporter molecules could be advantageous in the treatment 
of this disorder and this is discussed in more detail below. 

Alzheimer’s Disease 

 Retinoids have also been implicated in Alzheimer’s dis-
ease (AD), another disease associated with cognitive abnor-
malities. Although, to date, no specific genes have been 
linked to AD, genome scans have indicated strong gene link-
ages, and at these specific loci important genes related to the 
retinoid pathway are always found [48]. As in the schizo-
phrenia research, some of these retinoid genes have been 
identified as playing a role in the transport of retinoids [48]. 
Again, if these transporters are not functioning adequately, 
or are found in decreased levels, this has the potential to 
have serious implications for optimal retinoid functioning. 
Disruption of the retinoid signalling pathway also appears to 
increase the amount of amyloid  protein in the brain, one of 
the major components involved in amyloid plaque formation, 
a major characteristic of AD. In one year old rats that have 
been VAD since weaning, positive expression for amyloid 
protein is seen in the cerebral cortex, compared to negative 
results in corresponding control samples [49]. In similar in-
vivo deficiency models, an increase in amyloid plaque for-
mation is seen with a decrease in the expression of the reti-
noid receptor RAR-  [50], which can be rescued upon re-
introduction of vitamin A into the diet. This is consistent 
with in-vitro observations that a high level of retinoic acid is 
able to protect against the death of hippocampal neurons 
mediated by amyloid , another characteristic of AD [51]. 
All of these studies again indicate the therapeutic potential of 
retinoids in the control or possible treatment of this disease. 

Motor Neuron Disease 

 There are many other neurological disorders for which 
the symptoms are associated with a dysregulation of the reti-
noid signalling pathway. Another example is motor neuron 
disease. In this disease, an accumulation of neurofilament 
and vacuolations in motor neurons followed by motor neuron 
cell death is characteristic, alongside an increase in astrocy-
tosis. In VAD rat models, these characteristics were noted in 
samples of motor neurons from the spinal cord, along with a 
decrease in expression of RAR-  [52]. This study also exam-
ined expression patterns in human patients of amyotrophic 
lateral sclerosis (ALS). They showed a decrease in the total 
number of RAR- positive neurons and a decrease in RALDH-
2 positive neurons compared to control samples, and in the 
motor neurons that were left, there was a decrease in expres-
sion of both of these transcripts. Other studies examined 
whether there was a difference in serum levels of retinol be-
tween ALS patients and age-matched healthy controls. Using 
HPLC, the authors concluded that there was no significant 
difference between the healthy and diseased groups [53]. 
When combined, these studies lead to the conclusions that 
motor neuron disease is in part a consequence of retinoid 
signalling malfunctions and not in general due to a defi-
ciency of vitamin A. Again, it appears that the transport of 
the retinoid is defective, leading to an aberrant expression of 
the receptors involved. It is yet to be established whether 
motor neuron cell death can be rescued via some form of 
retinoid therapy.  

NOVEL RETINOID COMPOUNDS AS A THERAPY 

FOR NEUROLOGICAL DISEASES AND CANCER 

 As alluded to above, there is evidence that in some neu-
rological disorders, at least in in-vitro experiments, symp-
toms associated with retinoid dysfunction can be overcome 
with retinoid therapy. The natural retinoids ATRA, Fig. (3a), 
13-cis-retinoic acid (13-cisRA), Fig. (3b) and 9-cisRA, Fig. 
(3c) are already used in some therapy regimes for some can-
cers and for some dermatological diseases such as acne. For 
example, ATRA is used with relative success in the treat-
ment of acute promyelocytic leukaemia due to its ability to 
induce differentiation of the aberrant cell population [54]. 
However, due to its rapid metabolism and catabolism by the 
cytochrome P450 enzymes within the body, and serious side-
effects after long-term treatment, it is a far from ideal com-
pound. Accutane (containing 13-cisRA) is used for the 
treatment of acne; however, its use is the subject of serious 
controversy (summarised in Strahan and Raimer, 2006 [55] 
and references therein). Some scientific groups have pro-
posed a link between the chronic use of this compound and 
depression and suicidal tendencies, due to a decrease in hip-
pocampal cell formation (see, for example, Crandall et al.
2004 [56]). However, other groups disagree with these find-
ings (see, for example, Jick et al. 2000 [57]).  

 Both of these compounds are pan-RAR activators, and 
therefore, have the potential to effect numerous different 
biological processes which could explain the associated de-
bilitating side effects. For example, activation of the RAR-
receptor sub-types is associated with retinoid skin toxicity 
side-effects [58]. Much research has focussed on the synthe-
sis of specific and selective RAR agonists and antagonists to 
use in the treatment of many neurological disorders. The 
rationale is that these more selective activators of retinoid 
pathways could overcome the side effects associated with the 
use of their natural pan-RAR activating counterparts. Whilst 
there is reference to the chemical production of many thou-
sands of different synthetic retinoids in the literature, there 
are comparatively few data concerning an in-depth charac-
terisation of their biological activity, let alone their effect on 
neural cells. One promising study which does show good 
evidence of biological activity was reported in 2005 [59]. 
Simoni et al. synthesised a number of terphenyl compounds, 
synthetic retro-retinoid analogues, to try to establish their 
apoptotic qualities. They discovered that these compounds 
actually protected promyelocytic HL-60 cells against apop-
tosis. As many neurological diseases are associated with 
apoptosis of neurons, i.e. AD, Parkinson’s disease, Hunting-
ton’s disease and motor neuron disease to name a few, the 
group became interested in this quality. However, they found
that the compounds only had modest protective apoptotic 
activity in neuronal cell lines, but concluded that further 
study into this group of compounds could be very worth-
while for treatment of neurological disorders. 

 Another synthetic retinoid which has promising therapeu-
tic potential for a number of different neurological disorders 
is Am80 (tamibarotene, Fig. (3d) [60]). This synthetic reti-
noid has been shown to rescue scopolamine induced mem-
ory-loss in rat model systems [61]; the most effective result 
was observed when the retinoid was administered in tandem 
with the rexinoid HX630. In this model system no adverse 
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side effects were seen. These data point to the use of these 
compounds to treat neurological disorders associated with 
learning deficits such as AD. Human clinical trials of Am80 
have already been carried out in other fields, investigating 
Am80 as a possible treatment for APL. As mentioned above, 
ATRA is the main drug of choice for this disease; however, 
in patients who relapse from complete remission after ATRA 
therapy, a second course of this drug is relatively ineffective. 
In one study, patients who had relapsed were treated with 
Am80 and 58% achieved complete remission. As Am80 is 
an agonist for only RAR-  and RAR- , milder side effects 
were observed with this compound [62]. Again, this estab-
lished specificity can be seen as advantageous in the treat-
ment of many neurological disorders. 

 More specific agonists of the RARs have also been de-
veloped. Using their novel cell-based assay R-SAT, Piu et al.
identified a variety of selective RAR compounds [63], the 
most interesting being a potent RAR- 2 agonist, Fig. (3e), 
that distinguishes between the different RAR-  sub-types 
[64]. This particular sub-type has been shown to be very 
important in the neurite out-growth of the embryonic spinal 
cord, and is absent in adult spinal cord sections. When it was 
transfected into neurons of the spinal cord from adult rats 
and mice, neurite outgrowth was observed in-vitro [65]. This 
receptor sub-type has also been associated with the dopa-
mine signalling pathway [66]. Dysregulation of this pathway 
is seen in some neurological disorders, for example Parkin-
son’s disease and schizophrenia; therefore, this agonist may 
have potential utility as a treatment for these types of neuro-
logical disorders. 

 The synthesis of molecules with higher cytotoxic activity 
on cancer cells and increased water solubility improves their 
ability to act as chemotherapeutic and chemopreventative 
agents. Novel synthesis approaches and biological evalua-

tions of the products are producing compounds which appear 
to be exciting new procancer drugs [67]. 

 Other areas of retinoid research have focussed on the 
development of compounds which will enhance the thera-
peutic potential of already available retinoid compounds. For 
example, in order to overcome the rapid breakdown and sen-
sitizing of ATRA by the body after use as a therapeutic 
treatment, retinoic acid metabolism blocking agents (RAM-
BAs) have been developed. These compounds elicit a re-
sponse by inhibiting the P450 enzymes, namely CYP en-
zymes, which catabolises ATRA (for a recent review see 
Njar et al. 2006 [68]). The most studied RAMBA is Liaro-
zole, Fig. (3f), developed by the Janssen Research Founda-
tion [69]. In 2004, Liarozole was granted orphan drug desig-
nation by the U.S. Food and Drug Administration for the 
treatment of congenital ichthyosis (a severe dermatological 
disorder) and has also been granted orphan drug status by the 
European Commission. This is a good example of how ma-
nipulation of the retinoic acid signalling pathway can be key 
to the treatment of certain related diseases. 

CONCLUSIONS 

 Retinoids have been demonstrated to be powerful regula-
tors of neural differentiation and regulation both within em-
bryonic development and adult brain functioning. They elicit 
biological activity by binding to specific receptors located 
within the nuclear envelope. Activation of these receptors 
results in a mediation of specific gene expression. A dys-
function in this pathway leads to many abnormalities in em-
bryonic development and is shown to be associated with 
numerous neurological disorders within the adult. The natu-
ral retinoids are involved in the treatment programmes for 
many different disorders; however, their utility is limited due 
to the rapid breakdown of the compounds within the body 
and debilitating side effects associated with their long-term 

Fig. (3). Chemical structures of retinoids (a-e) and a retinoic acid metabolism blocking agents (RAMBAs) compound (f) which are either 

already being used in therapy regimes for neurological disorders (a, b, c, d, e & f) or show promising potential as therapeutic agents (e). a, b, 

& c are naturally occurring retinoids and d, e, & f are synthetic compounds. 
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use. To overcome these problems, novel retinoid compounds 
have been synthesised which are much more receptor-
specific. The limited biological activity data available sug-
gests that these compounds are as potent as their natural 
counterparts, but it remains to be seen whether they over-
come the side effects. 

 It appears that the dysregulation of the retinoid pathway 
in the neurological disorders discussed above often results 
from a defect in the transport of retinol into the cells in ques-
tion. It would be of interest to investigate synthesising more 
efficient novel retinoid transporter molecules, which could 
lead to an increase in retinoid availability. This approach 
could provide an improved method of treatment/management 
for these debilitating diseases. 

ABBREVIATIONS 

IUPAC-IUB = International Union of Pure and Applied 
Chemistry-International Union of Bio-
chemistry 

ATRA = All-trans-retinoic acid 

VAD = Vitamin A deficiency 

WHO = World Health Organisation 

CNS = Central nervous system 

RBP = Retinol binding protein 

ROLDH = Retinol dehydrogenase 

RALDH = Retinal dehydrogenase 

CRBP-I = Cellular retinol binding protein I 

CRBP-II = Cellular retinol binding protein II 

CRABP-I = Cellular retinoic acid binding protein I 

CRABP-II = Cellular retinoic acid binding protein II 

RAR = Retinoic acid receptor 

RARE = Retinoic acid response element 

RXR = Retinoid X receptor 

9-cisRA = 9-cis-retinoic acid 

HPLC = High performance liquid chromatography 

LTP = Long term potentiation 

LTD = Long term depression 

DHA = Docosahexaenoic acid 

TTR = Transthyretin 

ApoE = Apolipoprotein E 

AD = Alzheimer’s Disease 

ALS = Amyotrophic lateral sclerosis 

13-cisRA = 13-cis-retinoic acid 

RAMBAs = Retinoic acid metabolism blocking agents 
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