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Abstract

Retinoids, which are vitamin A derivatives, interact through retinoic acid receptors (RARs) and 

retinoid X receptors (RXRs) and have profound effects on several physiological and pathological 

processes in the brain. The presence of retinoic acid signaling is extensively detected in the adult 

central nervous system, including the amygdala, cortex, hypothalamus, hippocampus, and other 

brain areas. Retinoids are primarily involved in neural patterning, differentiation, and axon 

outgrowth. Retinoids also play a key role in the preservation of the differentiated state of adult 

neurons. Impairment in retinoic acid signaling can result in neurodegeneration and progression of 

Alzheimer’s disease (AD). Recent studies demonstrated severe deficiencies in spatial learning and 

memory in mice during retinoic acid (vitamin A) deprivation indicating its significance in 

preserving memory function. Defective cholinergic neurotransmission plays an important role in 

cognitive deficits in AD. All-trans retinoic acid is known to enhance the expression and activity of 

choline acetyltransferase in neuronal cell lines. Activation of RAR and RXR is also known to 

impede the pathogenesis of AD in mice by inhibiting accumulation of amyloids. In addition, 

retinoids have been shown to inhibit the expression of chemokines and pro-inflammatory 

cytokines in microglia and astrocytes, which are activated in AD. In this review article, we have 

described the chemistry and molecular signaling mechanisms of natural and synthetic retinoids 

and current understandings of their therapeutic potentials in prevention of AD pathology.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia that generally appears in 

humans after age 65. AD is characterized by the pathological accumulation of cerebral 

amyloid plaques and prominent neurofibrillary tangles in medial temporal lobe structures 

and also by the loss of neurons and white matter, inflammation, and oxidative damage. The 

amyloid plaques and neurofibrillary tangles are composed of aggregated amyloid-β (Aβ) 

peptide and tau protein, respectively [1–4].

Aβ peptide is a natural metabolic product comprised of 36 to 43 amino acids, although Aβ 

peptides containing 40 and 42 amino acids (Aβ40 and Aβ42) are produced predominately. Aβ 

peptides originate from proteolysis of amyloid-β precursor protein (AβPP) by the sequential 

enzymatic actions of β-site amyloid precursor protein cleaving enzyme 1 (BACE-1), β-

secretase and γ-secretase, a protein complex with presenilin 1 (PS1) at its catalytic core [1, 

3, 5, 6]. Monomers of Aβ40 are much more ubiquitous than the aggregation-prone and 

detrimental Aβ42 peptides. Thus, deregulation in synthesis and clearance leading to 

accumulation of aggregated Aβ42 peptides is thought to be the initiating factor in AD.

Recently, Hample and co-workers have shown that chronic inflammation and deregulated 

lipid homeostasis can lead to AD pathogenesis[7]. Activated microglia and reactive 

astrocytes were observed to localize near fibrillar plaques in the brains of AD patients [8]. 

Chronically activated microglia can release chemokines and also cytokines such as 

interleukin-1 (IL-1), IL-6, and tumor necrosis factor-alpha (TNF-α) [9] and activate the 

complement system [10]. A recent investigation indicated that high serum cholesterol levels 

could play a significant role in AβPP processing and Aβ metabolism [11]. Alterations in 

expression of the genes responsible for cholesterol homeostasis, including a polipoprotein E 

(APOE), ATP-binding cassette sub-family A member 1 (ABCA1),low density lipoprotein 

receptor-related protein 1 (LRP1), 24S-cholesterol hydroxylase (CYP46), acyl-coenzyme A 

cholesterol acyltransferase (ACAT), and liver X receptor-β (LXRβ) are risk factors in AD 

[12]. However, a genetic defect in glial-derived cholesterol transporter APOE is the major 

determinant of the risk for late-onset AD [13]. Current AD therapies, including 

acetylcholinesterase inhibitors and N-methyl-D-aspartate (NMDA) antagonists, possess 

limited scope within this multifactorial disease and do not target the Aβ aggregation and 

deposition that are central to AD pathogenesis. Thus, additional investigations are urgently 

needed to discover more potent drugs that can target multiple pathophysiological pathways 

to prevent progression of AD.

Retinoids, which are natural and synthetic derivatives of vitamin A, play significant roles in 

brain development in adult vertebrates. The majority of these functions are performed by the 

vitamin A metabolite retinoic acid (RA), which binds to receptors of the nuclear receptor 

superfamily and regulates gene expression [14]. Retinoids modulate the expression of many 

genes that codes for enzymes, neurotransmitter transporters and receptors, transcription 

factors, cell surface receptors, and neuropeptide hormones [15]. Retinoids exert effects on 

gene transcription through interaction with retinoid receptors such as retinoic acid receptors 

(RARβ, β, and γ) and retinoid X receptors (RXRα, β, and γ) that are primarily concentrated 

in amygdala, pre-frontal cortex, and hippocampal areas in the brain [16]. Mutation in RARβ 

Chakrabarti et al. Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and/or RXRγ genes or deficiency in retinoid can inhibit spatial learning and memory and 

also can promote depression in animals. An earlier study reported deposition of Aβ peptide 

in the cerebral vessels due to suppression of RARα expression in vitamin A-deprived rats 

[17]. Retinoids also play a crucial role in neuroprotection by inhibiting inflammatory 

responses [18]. Many recent studies demonstrated that retinoids could downregulate the 

microglial expression of cytokines and inflammatory molecules [19]. In addition, altered 

central cholinergic neurotransmission is one of the crucial factors in AD pathology. Retinoid 

receptor agonists could augment cholinergic transmission by increasing choline acetyl 

transferase (ChAT) expression and vesicular acetylcholine transporter gene expression [20].

In this review article, we have described potential roles of natural and synthetic retinoids for 

functional neuroprotection in AD; more specifically, a number of areas within the 

neurodegenerative field are described, including the role of retinoids in modulating Aβ 

aggregation, different RAR signaling pathways, inflammation, oxidative stress, 

mitochondrial dysfunction, neurotransmission, and regeneration with stem cells as well as 

development of potential therapeutic agents for regenerative medicine. Our aim in the 

current review article is promotion of fresh and novel research ideas that will enable the 

design of new therapeutic strategies to answer the critical questions associated with AD 

pathology and discover potentials of retinoids as new therapeutic agents to study the 

pathophysiology of AD and also treatments for AD patients in the near future.

Aβ AGGREGATION IN AD

Aggregation of Aβ and its subsequent deposition as extracellular amyloid plaques in the 

brain is a major hallmark of AD [21]. Aggregation of Aβ is a nucleation-dependent self-

assembly process that begins with monomeric protein, involves transient intermediates, and 

concludes with the formation of Aβ fibrils, which deposit as plaques in the brain [1, 3, 4, 

22]. Aβ fibrils exhibit a cross β-sheet structure in which the β-strands are oriented 

perpendicular to and hydrogen bonds oriented parallel to the long axis of the aggregate [23], 

yet Aβ aggregates that form along the aggregation pathway do display diversity within their 

biophysical properties [24]. Oligomers and protofibrils are the key intermediate species 

during the aggregation process and possess higher toxicity than mature fibrils [4, 25]. As a 

result, revisions to the ‘amyloid cascade hypothesis’ indicate a significant role for these 

soluble aggregates in the pathogenesis of AD. Due to alternative processing or mutations in 

AβPP, different variants of Aβ peptides may be produced [4]. Several mutations are 

associated with familial AD, including mutations that increase production of Aβ or the 

relative amount of Aβ42, which more readily forms soluble oligomeric species, as well as 

mutations that alter the aggregation of Aβ to lead to the formation of more soluble 

aggregates or altered distributions of soluble Aβ oligomers [4, 25, 26].

Studies have described soluble Aβ oligomers, Aβ-derived diffusible ligands, globulomers, 

large fatty acid-derived oligomers, protofibrils of varying shape, and fibrils that vary in the 

number and orientation of protofilaments [25, 27–32]. Consistent with in vitro aggregation 

studies, several distinct Aβ aggregates have been extracted from human AD brains by 

differential ultracentrifugation using different solvents [4, 29]. Ultracentrifugation of 

homogenized AD brain tissues in Tris-buffered saline (TBS)-sucrose buffer at 14,000×g 
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cannot separate soluble and dispersible fraction [33]. When the supernatant is further 

ultracentrifuged at 175,000×g, soluble Aβ remains in the supernatant fraction, and the pellet 

contains insoluble Aβ aggregates. Membrane-associated Aβ and plaque-associated Aβ 

remain in the pellet following 14,000×g centrifugation of homogenized AD brain tissues in 

TBS-sucrose buffer, and can be extracted with 2% sodium dodecyl sulfate (SDS) or Triton X 

[4, 33, 34]. Membrane-associated Aβ remains in the supernatant and plaque-associated Aβ 

resides in the pellet that can be extracted by 70% formic acid treatment [4, 29, 33]. Among 

these forms, Rijal Upadhaya and co-workers used a transgenic model of AD to demonstrate 

that increases in soluble Aβ and dispersible Aβ correlated with AD progression [4, 33]. 

Further investigations are needed to confirm the roles of various Aβ aggregates in the human 

AD brain.

SYNTHESIS, CHEMISTRY, AND ACTIVITY OF RETINOIDS

Vitamin A (all-trans-retinol) is considered to be the most multifunctional vitamin, regulating 

many biological processes such as embryonic development, cell differentiation, cell growth, 

and apoptosis as well as brain function [35]. It is generally obtained as pro-vitamin A 

carotenoids from many colorful fruits and vegetables or animal sources like liver, egg yolks, 

or dairy products. Carotenoids are then converted into vitamin A within the small intestine. 

Many photosynthetic plants, bacteria, and some fungi can biosynthesize pro-vitamin A 

carotenoids, but animals must ingest them through dietary supplements. Epidemiological 

studies indicate that higher dietary intake of pro-vitamin A carotenoids can decrease the risk 

of many diseases. Vitamin A also effectively increases visual tuning and prevents macular 

degeneration. The carotenoid precursors and natural retinoids are composed of relatively 

long chain conjugated polyene structures (Fig. 1).

Retinoids contain a group of compounds related to vitamin A, including its natural and 

synthetic analogs, which have four isoprenoid units joined in a head-to-tail fashion. The 

basic structure of a retinoid, as shown (Fig. 2), consists of three parts: a trimethylated 

cyclohexene ring that is a bulky hydrophobic group, a conjugated tetraene side chain that 

serves as a linker unit, and a polar carbon-oxygen functional group, typically carboxylic 

acid. Retinoids are unstable due to the presence of conjugated double bonds that easily 

undergo oxidation and/or isomerization in the presence of oxidants, light or excessive heat. 

Retinoids that contain alcoholic and carboxylic groups are soluble in methanol and ethanol, 

whereas the esterified long-chain fatty acid is only slightly soluble in alcohol but highly 

soluble in hexane.

Animals are unable to synthesize vitamin A de novo and therefore they must obtain it 

through the diets. Dietary intake in the form of retinol, retinyl ester, or β-carotene represents 

good sources of vitamin A (Fig. 1). Carotenoids, the main precursor of fat-soluble vitamin 

A, including α/β-carotene are converted into retinal or apocarotenoids and subsequently to 

retinoids [36]. Unlike most other biological compounds, carotenoids and retinoids have 

conjugated polyene systems that absorb light in the visible and ultraviolet spectrums around 

450 nm and within the range of 325–380 nm, respectively [37]. Colorimetric methods are 

commonly used for the evaluation of vitamin A and carotenoids.
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Many studies have used the Wittig reaction [38] to synthesize retinyl acetate and the ethyl 

ester of RA. However, the Wittig reaction predominately synthesizes the cis isomer whereas 

trans olefin linkages are most frequently observed in the natural retinoids. Over the last few 

decades many modifications and alternatives to the Wittig olefination have been invented. In 

the Horner Wadsworth Emmons (HWE) modification, replacement of the phosphonium salts 

with phosphonate esters produced trans or E-olefin. Two groups of investigators [39, 40] 

employed similar olefination techniques in retinoid syntheses. Recently, researchers have 

shown that fully functional retinoid receptor agonists can be developed without the classic 

extended polyene chain. Due to high toxicity profile and off-target binding of ATRA and cis 
retinoic acid (which are also metabolized by many cytoplasmic enzymes such as Cyp26, 

isomerases, and others), their full potential as novel pharmacological agents has not been 

well exploited. To overcome these problems, the synthetic chemistry community has 

developed many synthetic retinoids [41–43] using SAR (Structure Activity Relationship) 

analysis and computational modeling.

Thus, the range of potent synthetic retinoid structures from experimental synthesis has 

expanded dramatically (Fig. 3). A broadened range of structures and chemistry are being 

used to make analogs that now exist for the synthesis of molecules called retinoids [44]. 

Recently, many excellent reviews have been published highlighting several natural and 

synthetic retinoids in the drug discovery process [43, 45]. Several major retinoid-based 

clinical agents are shown (Fig. 3). Stephens-Jarnagin and co-workers developed a polycyclic 

structure 4-[(1E)-2-(5, 5, 8, 8-tetramethyl- 5, 6, 7, 8-tetrahydro-2-naphthalenyl)-1-propen-1-

yl] benzoic acid (TTNPB) (structure 14, Fig. 3) that is a highly potent retinoid receptor 

agonist due to its metabolism resistance and high affinity for RARs [46]. The detailed 

synthetic scheme of TTNPB is also described (Fig. 4). Also, we have described schemes of 

synthetic retinoids (Figs. 4–10) that can be used as pharmacological agents for the treatment 

of AD and other diseases.

RA SIGNALING PATHWAYS IN AD

Many earlier investigations demonstrated direct correlation of the impaired RA signaling 

with vitamin A deficiency in vivo. Suppression of RARα and ChAT expression as well as 

accumulation of Aβ peptide in rat forebrain cortical neurons, all of which are considered to 

be hallmarks of AD, were observed in vitamin A-deprived conditions [47]. Vitamin A-

deprived rats exhibited declined levels of RARβ, AβPP695, BACE, and AβPP-CTF in brain 

and in the cerebral cortex, whereas RA administration could restore their expression [48].

Many studies involving genetic analysis of AD have confirmed direct correlation between 

the genes that encode molecules involved in the RA signaling pathway and those that are 

considered to be involved in the pathogenesis of AD [15]. Altered expression of RARγ, 

several retinol dehydrogenases, RBP4, and two CYP26 genes are frequently observed in 

AD. In particular, RBP has been observed at high concentration in amyloid plaques [49]. A 

few earlier investigations also demonstrated that AβPP could be regulated by retinoids [50, 

51]. After alternative splicing of AβPP, three major transcripts (AβPP770, AβPP751, and 

AβPP695) are generated. Among them, AβPP695 is the most crucial for the pathogenesis of 

AD. All three products of AβPP undergo proteolytic modification by α-, β-, and γ-secretases. 
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The neuroprotective α-secretase (ADAM10) can be induced by retinoids through interaction 

with two putative binding sites for RXR resulting in upregulation of long-term potentiation, 

a model mechanism for synaptic plasticity involved in memory formation [52]. Satoh and 

Kuroda have demonstrated that the β-secretase BACE-1, which facilitates release of Aβ from 

AβPP via N-terminal cleavage, is also regulated by retinoids [53]. In contrast, γ-secretase, 

which facilitates release of Aβ from AβPP via C-terminal cleavage, has been observed to 

inhibit retinoid-induced neuronal differentiation causing cell death by targeting AβPP-CTF 

[54]. β-Carotene and retinoids can also exert their neuroprotective effects by suppressing 

formation of Aβ fibrils and destabilizing pre-formed fibrils in a dose-dependent manner [55].

Down regulation of ChAT expression is frequently observed in the pathogenesis of AD [56]. 

Retinoids are known to assist in blocking the inhibition of ChAT expression that is caused in 

AD by Aβ peptides [57]. Many earlier studies confirmed the neuroprotec-tive effects of 

retinoids through induction of ChAT expression in diverse cell types by modulating RARα 

[58, 59]. Similarly, suppression of retinaldehyde dehydrogenase 2 (RALDH2) and RARα 

deficit were observed in vitamin A deficient rats, confirming that disruption of the retinoid 

signaling pathway could play a crucial role in the onset of AD [60].

NEUROPROTECTIVE POTENTIALS OF RETINOIDS IN AD

Dietary supplementation of carotenoids has been shown to play a crucial role in preventing 

several neu-rodegenerative diseases, including AD [61]. Retinoids are involved in neuronal 

patterning, differentiation, and axon outgrowth. Retinoid deprivation leads to impairment of 

normal brain development and function, resulting in the appearance of symptoms of 

different neurodegenerative diseases, including AD. Recent investigations indicate that 

retinoids can induce generation of specific neuronal cell types and also regenerate axons 

after damage [62]. In addition, retinoids are involved in the maintenance of the differentiated 

state of adult neurons and neural stem cells as well as altered RA signaling levels. Thus, 

retinoids appear to be highly effective therapeutic agents for normal maintenance of the 

nervous system and also for the treatment of different neurodegenerative diseases, including 

AD.

EFFECTS OF RETINOIDS ON Aβ AGGREGATION

Formation of senile plaques in the cerebral cortex is a major histopathological hallmark of 

AD [63]. Several in vivo models support the involvement of the altered retinoid signaling in 

AD pathology. It is suggested that retinoids regulate many biological molecules involved in 

Aβ aggregate formation in vivo. Many investigations suggest that vitamin A deficiency 

impairs retinoid signaling in adult rats, causing accumulation of Aβ in the cerebral cortex 

and cerebral blood vessels [17, 48]. Retinoids can prevent Aβ plaque generation and also 

disrupt preformed fibrils [55, 64]. Several other recent studies have shown that retinoids 

regulate the expression of many genes involved in the production of Aβ, including BACE-1, 

PS1, and PS2 [18, 61]. Jarvis and co-workers reported that induction of the RARβ signaling 

pathway upregulated production of ADAM10, the α-secretase that could process AβPP into 

a non-amyloidal pathway, thus reducing formation and accumulation of Aβ [65]. 

Administration of ATRA to the AβPP/PS1 transgenic mice for 2 months was observed to 
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inhibit Aβ aggregation and tau hyperphosphorylation as well as notably improved 

performance in the Morris water maze test [66]. Treatment with ATRA can enhance α-

secretase activity and also impair AβPP cleavage by delocalizing BACE-1 and PS1 from the 

target site [67]. Unfortunately, adverse side effects and cytotoxicity at higher concentration 

of ATRA have restricted its clinical applications. So novel, receptor-specific, less toxic 

synthetic retinoids are urgently required to overcome these difficulties.

Recently, Fukasawa and co-workers observed that Tamibarotene (Fig. 5), a retinoid receptor 

agonist, lowered the insoluble Aβ40 and Aβ42 levels in the AβPP23 transgenic mice [68] by 

upregulating expression of α-secretase. In combination with HX630, an RXR agonist, 

Tamibarotene drastically enhanced the learning ability of these transgenic mice as observed 

by the Morris water maze test [68].

Several in vitro and in vivo models of AD indicated the importance of insulin degrading 

enzyme (IDE) and neprilysin (NEP) in Aβ peptide degradation and clearance in the brain. It 

has been observed that there is a RA response element (RARE) in the promoter region of 

IDE, and by interacting through this region retinoids can modulate the transcription of IDE 

[69]. Accordingly, in AD brain tissues, a direct correlation between lowered IDE mRNA 

level and elevated Aβ accumulation has been observed. Thus, downregulation of IDE 

activity could enhance the risk for development of AD. Similarly, NEP-mediated proteolytic 

cleavage of Aβ may stimulate the RARα signaling pathways both in neurons and microglia 

[19]. In another study, Jarvis and co-workers observed that AM580 (Fig. 6), a synthetic 

retinoid, could activate RAR in Tg2576 mice and thus, suppress Aβ formation by increasing 

ADAM10 and non-amyloidogenic processing of AβPP [65].

Hence, preclinical investigations strongly suggest that natural and synthetic retinoids can 

modulate Aβ formation and aggregation, and thus retinoids can be used as potential 

therapeutic agents against AD pathogenesis. Acitretin (Fig. 7), a synthetic retinoid, is 

currently undergoing testing in patients suffering from AD in a small Phase II clinical trial 

[70]; however, there is still no dependable clinical data to support this approach in humans. 

AD is associated with compromised clearance of Aβ from the brain, and this scavenging 

process is influenced by APOE. Ligand activated nuclear receptors like liver X receptor 

(LXR) and peroxisome proliferator-activated receptor gamma (PPARγ) could form 

heterodimers with RXRs and transcriptionally modulate expression of APOE [71]. 

LXR:RXR and PPARγ:RXR work in a feed-forward mechanism and promote the expression 

of APOE and also its lipid transporters ABCA1 and ABCG1 [71]. Prolonged administration 

of LXR and PPARγ agonists could activate macrophages and microglia resulting in 

enhancement of phagocytic pathways that bring down Aβ levels with recovery of cognitive 

function in mouse models of AD [72]. Similarly, RXR agonist could promote Aγ scavenging 

pathways by inducing APOE expression via activation of LXR and PPARγ in conjunction 

with RXR [72]. The RXR agonist Bexarotene (Fig. 8), which is an FDA-approved drug, is 

regularly used for the treatment of breast cancer [73] and non-small cell lung cancer [74]. 

Although Bexarotene and associated RXR agonists were used for the treatments for cancer, 

some recent investigations suggested them as potential therapeutic agents against different 

neurological diseases, including AD [75]. Cramer and co-workers demonstrated rapid 

clearance of soluble Aγ and Aγ plaques following Bexarotene therapy in transgenic AD 

Chakrabarti et al. Page 7

J Alzheimers Dis. Author manuscript; available in PMC 2016 April 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice [76]. But several other investigators could not replicate some aspects of this original 

report in their studies [77, 78]. Two investigations for assessing memory observed an 

increase in cognitive function following treatment with Bexarotene [77, 79]. But none of the 

investigations was able to repeat the reported outcome on fibrillar Aγ and Aγ plaque burden. 

IRX4204, which is another RXR agonist, shows high selectivity for RXR and does not 

transactivate RARs, and thus it can avert the adverse side effects associated with RAR 

agonists [80]. It promotes differentiation of oligodendrocytes and formation of T regulatory 

cells and suppression of Th17 cells in vitro [80]. Studies are ongoing to observe the efficacy 

of IRX4204 on AD neuropathology and cognitive impairment. In our laboratories, we are 

developing novel boron based retinoids or bororetinoids (Fig. 9) for treatment of AD [43]. 

Obviously, a systematic approach is urgently needed to screen retinoids and RAR agonists 

for their safe use in humans.

INFLAMMATION AND RETINOIDS

Intensification of the inflammatory response is frequently observed in both AD patients and 

animal models of this disease [81]. Macrophages and microglia act as scavengers to remove 

fibrillar Aγ aggregates via phagocytosis mediated by the β-1-integrin-dependent pathway in 

the brain [82]. However, this phagocytosis is blocked in the presence of inflammatory 

cytokines [82]. During AD pathogenesis, Aγ-stimulated signaling pathways induce synthesis 

and release of many pro-inflammatory cytokines (IL-1γ, IL-6, TNF-α, etc.), chemokines 

(CCL2) and acute phase proteins as well as reactive nitrogen species and reactive oxygen 

species (ROS) that can further promote plaque formation [83].

Several earlier studies reported anti-inflammatory roles of retinoids in neurodegenerative 

conditions [84]. Since retinoids significantly inhibit generation of IL-6 [85, 86], 

downregulation of IL-6 by retinoids may be a useful therapeutic strategy against AD. 

Retinoids have been observed to suppress lipopolysaccharide (LPS)-induced or Aγ-induced 

TNF-α production and inhibit expression of inducible NO synthase (iNOS) in activated 

microglia by inhibiting nuclear factor-kappa B nuclear translocation [87–89]. Anti-

inflammatory responses of an RAR agonist AM80 (Tamibarotene) have been investigated in 

the LPS-induced inflammation model in vivo. The results demonstrated that AM80 could 

promote the production of brain-derived neurotrophic factor providing neuroprotection in 

pathological conditions [90]. Jarvis and co-workers reported suppression of inflammatory 

cell death by AM580 in cultured cortical neurons exposed to Aβ [65]. Furthermore, retinoids 

also affect prostanoid synthesis in cortical astrocytes in culture [91]. Thus, retinoids seem to 

have significant potential in inhibiting inflammatory responses and promoting amyloid 

phagocytosis in various neurodegenerative conditions, including AD.

OXIDATIVE STRESS, MITOCHONDRIAL DYSFUNCTION, AND RETINOIDS

Several earlier studies indicated that AD brains have oxidized RNA, nuclear and mtDNA, 

lipids, and proteins [92, 93]. Oxidative stress due to excessive ROS production is thought to 

represent an early indication in AD pathogenesis [94]. Mitochondria are the main source of 

intracellular ROS, and inhibition of ROS clearance leads to mitochondrial dysfunction [95]. 

Tamagno and co-workers described that an increase in ROS levels could induce Aβ 
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production [96]. Many in vitro studies using PC12, COS, and neuroglioma cells showed that 

treatment with sodium azide, oligomycin, or carbonyl cyanide m-chlorophenyl hydrazone 

inhibited normal mitochondrial function with downregulation of release of soluble AβPP 

derivatives and upregulation of Aβ production [97, 98].

Mitochondrial structural and functional impairments in AD have been investigated in many 

earlier studies. Several studies indicate that AβPP and Aβ can impair mitochondrial import 

channels resulting in blockage of electron transfer chain and mitochondrial transport and 

enhancement of free radical generation causing mitochondrial dysfunction [99, 100]. 

Mitochondrial dysfunction downregulated expression of peroxisome proliferator-activated 

receptor gamma co-activator 1-alpha, nuclear respiratory factors 1 and 2, and transcription 

factor A mitochondrial and induced apoptosis in animal models of AD [101]. Peter-son and 

co-workers observed significant changes in Ca2+ homeostasis in AD patient fibroblasts 

leading to defective energy production [102]. Similarly, uncharacteristic mitochondria 

morphology in degenerating dendrites was observed in brains of AD patients [103]. The 

activities of many mitochondrial enzymes, such as α-ketoglutarate dehydrogenase complex 

and pyruvate dehydrogenase complex, are impaired in AD [104, 105]. Thus, it can be 

hypothesized that AD originates from alteration in brain energy metabolism. Our research 

group is actively pursuing a program to develop novel imaging and therapeutic agents 

targeting metabolic pathways for the treatment of AD.

Many in vivo studies reported an increase in oxidative stress in experimental animal models 

of AD. A similar investigation in Tg2576 AβPP transgenic mice confirmed that oxidative 

stress was one of the key neuropathological symptoms in AD pathogenesis [106, 107]. The 

anti-oxidant potential of many retinoids has been investigated both in vitro and in vivo. 

ATRA can prevent apoptosis in cultured neurons from staurosporine-induced oxidative stress 

by downregulating superoxide dismutase-1 and manganese superoxide dismutase-2 

(MnSOD2) depletion [108, 109]. In addition, ATRA promotes expression of the 

mitochondrial anti-oxidant enzyme MnSOD2 in human neuroblastoma cells [89]. Hence, 

therapeutic strategies targeting oxidative stress and mitochondrial dysfunction could be a 

novel approach for AD treatment, and retinoids appear to be highly potential candidates.

EFFECTS OF RETINOIDS ON NEUROTRANSMISSION IN AD

Perturbations in several neurotransmitter systems, especially the cholinergic and 

catecholaminergic systems, are prominent in AD [110–112]. A hallmark of AD is 

degeneration of cholinergic neurons in the basal forebrain that projects to the neocortex, 

hippocampus, and amygdala. Impairment of cholinergic neurotransmission accompanies the 

early progression of dementia, and loss of cholinergic neurons results in memory 

impairments in animal models [113, 114]. In many animal studies, administration of 

cholinesterase inhibitors (which block the breakdown of acetylcholine and prolong its action 

in the brain) has been observed to stimulate memory and learning processes and 

administration of these drugs is currently used to treat the symptoms of AD in humans as 

well [115]. Retinoids, which are significantly decreased in AD brain [15], can provide an 

alternative treatment for AD symptoms; since, they have trophic effects on cholinergic 

neurons. Activation of RARα can upregulate expression of ChAT and vesicular 
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acetylcholine transporter protein, which helps to transport acetylcholine into synaptic 

vesicles for synaptic release [116]. Retinoids are known to increase levels of acetylcholine 

and ChAT mRNA [117, 118].

AD is also associated with disruption of monoaminergic systems, including the 

noradrenergic and dopaminergic systems [112]. Thus, the locus coeruleus, which is one of 

the main noradrenergic nuclei of the brain and has extensive projection to the cortex and 

limbic system, exhibits significant degeneration in AD [119]. There are also reduced levels 

of tyrosine hydroxylase (the rate limiting enzyme for both norepinephrine and dopamine 

synthesis) and dopamine-beta-hydroxylase (DBH, the enzyme required for the synthesis of 

norepinephrine) in AD [120]. In addition, AD is associated with reduced levels of: (1) 

norepinephrine in the cortex [121, 122]; (2) dopamine levels in the cortex, amygdala, and 

striatum [123]; and (3) dopamine receptors in the striatum [124–126]. Since retinoids 

regulate the expression of tyrosine hydroxylase and dopamine β-hydroxylase [127] and can 

also directly modulate the expression of dopamine D2 receptors via interaction with the 

RARE promoter region [128], their trophic effects on both the noradrenergic and 

dopaminergic systems may help alleviate AD symptoms.

An interesting study by Shudo and co-workers using a passive avoidance learning test 

demonstrated the possible efficacy of retinoids in enhancing memory formation [17]. This 

widely used aversive learning paradigm is known to require activation of receptors in the 

three neuromodulatory systems, as discussed above, in relation to retinoids and AD: (1) 

muscarinic cholinergic receptors, (2) β-adrenergic receptors, and (3) D1 and D2 dopamine 

receptors [129, 130]. It was found that administration of the muscarinic receptor antagonist 

scopolamine blocked learning as expected, but learning and memory were rescued by 

administration of RAR and RXR ligands [17]. While the exact mechanism for this effect was 

not determined, Shudo and co-workers suggested that one possible mechanism was retinoid 

mediated enhancement of the expression of D2 receptors, since the D2 R gene has an 

upstream promoter sequence that can be activated by the RAR-RXR family [17].

RETINOIDS, STEM CELL BIOLOGY, AND REGENERATIVE MEDICINE

Several investigations on pattern formation established the significance of RA signaling in 

CNS development [131]. RA induces differentiation in murine F9 teratocarcinoma stem cell 

line in vitro [132]. RARβ upregulation could induce neurite progression and enhance 

recovery of animals with spinal cord injury [133, 134]. Takenaga and co-workers reported a 

similar therapeutic effect in bodily-injured rats after treatment with the synthetic retinoid 

Tamibarotene [135]. Thus, retinoids can be potential therapeutic agents for treatment of AD 

by promoting stem cells that are unspecialized cells, capable of dividing and renewing 

themselves for long periods and then differentiating into functional phenotypes [136]. These 

stem cells are generally originated from embryonic, fetal, or adult tissues. Recent 

investigations confirmed that retinoids induce stem cell differentiation through activation of 

different transcription factors. Retinoids modulate the transcription of many genes by 

binding to the nuclear receptors RARα, RARβ, and RARγ. These RARs can form 

heterodimers with one of the RXRs and can subsequently bind DNA resulting in activation 

of transcription of RA primary response genes, which are essential for stem cell 
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differentiation. Stem cell differentiation into functional cells within the damaged tissues 

could be a significant achievement in the field of regenerative medicine. Regenerative 

therapy, an emerging field of biomedicine, involves the repair, replacement, or regeneration 

of cells, tissues, or organs. Recently, regenerative therapy has been explored in various 

diseases including kidney diseases, cardiac diseases, skin diseases, retinal disorders, and also 

neurodegenerative diseases such as AD and Parkinson’s disease [137–143]. Marder and co-

workers observed that synthetic retinoids (Fig. 10) could induce differentiation of embryonal 

carcinoma stem cells to generate neurons [138].

Serup and co-workers have shown that neural induction in embryonic stem cells requires RA 

at sub-nanomolar levels to suppress Nodal signaling, suggesting that the mechanism by 

which Wnt signaling suppresses neural development is through facilitation of Nodal 

signaling [144]. Thus, there is a growing interest in the potential use of retinoid pathway 

manipulation as a therapy for neurodegenerative disorders [62].

CONCLUSION

Retinoids could play a crucial role in neural development, nerve regeneration, adult neural 

plasticity, and different neurodegenerative diseases, including AD (Fig. 11). Application of 

natural and synthetic retinoids and their receptor agonists are under investigation to regulate 

the on-going processes of stem cell turnover, cell plasticity, and tissue regeneration. 

Retinoids are currently used for the treatment of acne vulgaris, neuroblastoma, acute 

promyelocytic leukemia, and psoriasis [14]. Impaired retinoid signaling promotes AD 

pathology. Because retinoids are small molecules, they can readily enter the tissues and 

therefore constitute promising therapeutic candidates. Their application at lower dose or in 

combination with other neuroprotective drugs could minimize unwanted side toxicity in non-

target tissues. Retinoids thus represent a novel therapeutic strategy for AD treatment as they 

can modulate multiple pathological conditions of this disease, including plaque formation, 

cholinergic transmission, and inflammatory responses in the brain (Fig. 11). Although many 

applications of retinoids have been well studied, it will be highly critical to extend the range 

of applications to neurodegenerative diseases, including AD [70], and also the most 

important factor is the synthesis of receptor subtype and isotype specific retinoids (to reduce 

toxicity, off-target binding, and increase specificity). To address these issues, our research 

group is synthesizing bororetinoids and some of these synthetic compounds are now used in 

preclinical study [145].

Phase II clinical trials (NCT01120002 and NCT01078168) are in progress to determine the 

potential of retinoids in AD patients. But ATRA is known to be toxic at high dose, which 

hinders its application to aged-patients. Besides, several RAs generate adverse side effects, 

like gastrointestinal hemorrhage and abdominal pain in certain patients [65]. Another 

foremost problem in AD clinical studies is the scarcity of proper animal models that can 

entirely mimic human AD pathology. Each current animal model can represent one or two 

main characteristic of AD pathology [146–148]. Another challenge in preclinical studies of 

AD is the time course of disease in mice models when compared with AD in humans [149]. 

Thus, AD mice models are usually convenient for investigating some specific features of 

commencement of AD but not the disease process itself [150]. Besides, dietary habits and 
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environmental factors play significant roles in the disease progression in humans and these 

are difficult to mimic in AD animal models.

The pathogenesis in AD is frequently described as multifactorial, and such a notion is 

consistent with the relatively modest benefits from the targeted therapeutic agents [151, 

152]. To address this issue, the scientific community may need to design, synthesize, and 

examine therapeutic agents with multi-target potential rather than single target drugs. The 

viable options include: (1) a polypharmacy (many dugs with many targets) or (2) a single 

drug attacking multiple targets. Retinoids are capable of acting upon multiple AD-associated 

(anti-apoptotic, anti-oxidant, pro-differentiative, Aβ lowering, acetylcholine activation, and 

autophagy enhancing) targets. Thus, retinoids seem to offer a viable solution as a single drug 

with multiple targets to treat multifactorial AD.
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Fig. 1. 
Synthesis of retinoic acid isomers from natural sources.
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Fig. 2. 
The basic structure of retinoids.
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Fig. 3. 
Synthetic retinoids.
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Fig. 4. 
Synthetic scheme of TTNPB.
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Fig. 5. 
Synthetic scheme of Tamibarotene (AM80).
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Fig. 6. 
Synthetic scheme of AM580.
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Fig. 7. 
Synthestic scheme of Acitretin.
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Fig. 8. 
Synthetic scheme of Bexarotene.
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Fig. 9. 
Synthesis of BMS-493 analogs.
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Fig. 10. 
Synthetic scheme of EC23.
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Fig. 11. 
Role of RA signaling in AD. Neuronal stem cells (NSC) differentiation, inflammation, and 

clearance of damaged neuron through the blood-brain barrier (BBB) play a crucial role in 

AD pathology. RA influences receptors and signaling molecules such as ChAT, dopamine 

D2 receptor (D2R), brain derived neurotropic factor (BDNF), and tyrosine receptor kinase B 

(TrkB) that play significant role in memory and learning. RA upregulates of α-secretase 

activity through ADAM10 resulting in inhibition of Aβ accumulation and enhances Aβ 

clearance through activation of zona occludens protein 1 (ZO-1). RA suppresses 

inflammation by inhibiting TNF-α, IL6, IL17, MCP1, and VEGF in astrocytes and 

microglia. RA inhibits neuronal death by inhibiting Aβ synthesis, augmenting clearance of 

Aβ, and suppression of inflammation.
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